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Lake basin and the Mission Valley, Montana, USA
Chairperson: Marc H. Hendrix / n s r t
Integrated analysis of high-resolution seismic reflection profiles, sediment cores 
and onshore geologic mapping from Flathead Lake and adjacent areas in 
northwest Montana has revealed considerable information about late Pleistocene 
and Holocene geologic and tectonic history of the region. During the last glacial 
maximum, the Flathead Lobe of the Cordilleran Ice sheet advanced twice to its 
terminal position just south of present day Flathead Lake. During retreat of the 
lobe, a pro-glacial lake developed with a surface elevation higher than that of 
modern Flathead Lake. Fault scarps offsetting glacial deposits but not younger 
stratigraphic units indicate that a tectonic event along the Mission Fault system 
also occurred during this early post-glacial time. Just after the deposition of the 
Glacier Peak tephra (13,180 ±120 cal yr BP) the surface level of Flathead Lake 
dropped to an initial Holocene lowstand at ~10,000 cal yr BP. This lowstand 
coincided with another period of tectonic activity along the Mission Fault 
system. After 10,000 cal yr BP, the lake level stabilized for about 2,000 years 
before dropping to its lowest Holocene level at -7,600 cal yr BP. Seismic and core 
data from shallow parts of the lake indicate the presence of a fundamental 
erosional unconformity at this time. This unconformity coincides with the 
deposition of the Mount Mazama tephra (7,630±80 cal yr BP) and provides 
information about a post-glacial lake-level lowstand during which the surface of 
the lake dropped about 15m below the modern lake level and Flathead Lake lost 
about 25% of its present volume. Although no increase in CaCQ? content was 
observed along this unconformity, simple hydrologic and geochemical models 
suggest that the lake level lowering was related to a significant decrease in 
precipitation, likely triggered by the Mount Mazama volcanic eruption. After this 
short extreme drought, the lake refilled roughly to its m odern day level and 
fluctuated slightly throughout the reminder of the Holocene. Tectonic activity in 
the study area was low throughout the Holocene, although several vertically 
offset seismic reflections in Holocene seismic stratigraphic units that may be 
seismically-related were recognized.
ii
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PREFACE
FOREWORD
The Flathead and Mission Valleys in northwestern Montana have a 
colorful late Pleistocene and Holocene history that can be interpreted from the 
wide variety of sediments and landforms of this age that occur in the area. The 
most obvious landforms are the Poison moraine, a terminal moraine from the 
Flathead lobe of the late Pleistocene Cordilleran Ice Sheet, and different sets of 
alpine moraines that reflect the advance of glaciers from the Mission Range into 
the Flathead Valley. Another relict of the late Pleistocene glaciation and the 
neotectonic history of the area is Flathead Lake, with a surface area of 496km2 the 
biggest naturally occurring freshwater lake west of the Mississippi River. 
Sediments in this lake captured the late Pleistocene and Holocene neotectonic, 
glacial, and climate history in great detail and are the cornerstones of many of 
the interpretations published in this dissertation. By making use of this 
tremendous geologic natural laboratory this dissertation focuses on the detailed 
interpretation of the latest Pleistocene and Holocene history of the Flathead and 
Mission Valleys. Its goal is to establish the spatial and temporal linkages between 
the sediment fill history of these valleys and its relationship to advances of late
iii
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Pleistocene glaciers, fluctuations in lake levels and drought frequency, and 
movements on major faults.
It is especially important to better understand the late Pleistocene and 
Holocene history in the study area because northwestern Montana is a region of 
steady population growth. Detailed documentation of the depositional history 
and the transport mechanism of the Quaternary sediments will help to elucidate 
the distribution of the sediments and other geologic features such as major faults. 
This will be of immediate use to community planners concerned about new 
groundwater resources and seismic hazards in the Flathead and Mission Valleys.
This dissertation comprises four papers that describe the late Pleistocene 
and Holocene sediment fill history of the Flathead and Mission Valleys in 
northwestern Montana and the Flathead Lake region in particular. The first 
paper (Chapter 1), entitled "Results of geologic mapping of the East Bay 7.5' 
Quadrangle, Northwest Montana" is published in large parts in the Montana 
Bureau of Mines and Geology Open File Report 496. Chapter 1 summarizes the 
geology of parts of the northern Mission Valley in order to match the offshore 
data from the Flathead Lake sub-bottom (described in Chapters 2-4) to deposits 
exposed onshore around the margins of the lake. This chapter contains an 
explanation of new geologic mapping and a complete stratigraphic overview of 
the Flathead Lake vicinity. Particular attention is given to the Ethology and facies
iv
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of the late Pleistocene and Holocene deposits to establish their correlation to the 
sediments and facies mapped offshore, within the Flathead Lake basin.
Chapter 2, entitled "Late Pleistocene and Holocene depositional history of 
sediments in Flathead Lake, Montana: evidence from high-resolution seismic 
reflection interpretation", discusses the seismic stratigraphy of sediments in the 
Flathead Lake basin. Seismic stratigraphic units mapped in the lake basin range 
from late Pleistocene glacial deposits to present day lake sediments. This chapter 
contains the results of a 3.5 kHz high-resolution seismic reflection data set and 
several sediment cores that were used to provide ground-truth information for 
the seismic facies interpretation. Of special interest were lap-out relationships 
among seismic reflections and their implications for lake level fluctuations. The 
second paper (Chapter 2), is published in slightly different form in Sedimentary 
Geology, and is reprinted here with permission from Elsevier Science.
Chapter 3, entitled "Neotectonic evolution and fault geometry change 
along a major extensional fault system in the Mission and Flathead Valleys, NW- 
Montana", investigates the neotectonic history of the study area by combining 
results from the offshore high-resolution seismic reflection data set with those 
from onshore mapping. Onshore mapping revealed the existence of several fault 
scarps that crosscut late Pleistocene glacial sediments. Results obtained from the 
seismic data set clearly image several faults that offset post-glacial deposits. This
v
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chapter discusses in detail the timing and magnitude of several seismic events 
that ruptured the area since the last glacial retreat. Special attention was given to 
the recurrence intervals and varying offset rates along the main fault splays. This 
third paper (Chapter 3) has been submitted to the Journal of Structural Geology.
Chapter 4, entitled "Abrupt Holocene megadrought linked to volcanic 
forcing", decribes the Holocene lake level history of Flathead Lake and, in 
particular, focuses on an extreme lowstand related to a mid-Holocene 
megadrought. In this chapter, I quantitatively evaluate this abrupt and short- 
duration lake lowstand during the mid-Holocene, provide an interpretation of 
the causal mechanism (volcanic forcing), and assess the worldwide climate 
respond as revealed by current literature. Tentative plans are to submit a shorter 
version of this fourth paper (Chapter 4) to Nature and a more complete summary 
to Quaternary Research.
vi
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CHAPTER 1 
Results of geologic mapping of the East Bay 7.5' Quadrangle. 
Northwest Montana
M.H. Hofmann1, M.S. Hendrix1
departm en t of Geology 
The University of Montana, Missoula, MT 59812
Hofmann. M.H., and Hendrix, M.S., 2004, Geologic Map of the East Bay 7.5' 
Quadrangle, Northwest Montana. Montana Bureau of Mines and Geology, 
O pen-File Report 496.
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INTRODUCTION
This project focused on mapping the distribution of Pleistocene and 
Holocene sediments along the northeastern Mission Valley in western Montana 
(USGS East Bay 7.5' quadrangle). Holocene and Pleistocene sediments are most 
common in the area south of Flathead Lake, whereas Precambrian rocks of the 
Belt Supergroup crop out only in the easternmost part of the map area. 
Pleistocene sediments in the map area are dominated by till and glacial outwash 
related to advances of the Flathead Lobe of the Cordilleran Ice Sheet (Figure 1-1) 
and advances of smaller alpine glaciers flowing down west-facing valleys of the 
Mission Range. Pleistocene sediments also include sub-lacustrine sediments 
related to glacial Lake Missoula. Holocene sediments in the map area consist of a 
complex suite of eolian, alluvial, fluvial, and colluvial sediments.
Early studies of Pleistocene deposits from the Mission Valley describe 
evidence for three major advances of the Flathead lobe of the Cordilleran Ice 
Sheet, including at least one major advance to the southern part of the Mission 
Valley, about 45 km south of the mapping area (Davis, 1920; Nobles, 1952; Alden, 
1953; R ichm ond et al., 1965; Richm ond, 1986; O stenaa et al.„ 1990). In contrast, 
Ostenaa et al. (1995) and Levish (1997) interpreted most of the diamictite in the 
Mission Valley south of the Poison Moraine as sub-lacustrine deposits related to
2
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glacial Lake Missoula. The results of our mapping suggest that the Flathead lobe 
of the Cordilleran Ice Sheet did not advance south of the Poison Moraine at the 
last glacial maximum, although there may have been two different advances of 
the Flathead Lobe, both terminating at the position of the Poison Moraine.
GEOLOGIC AND STRUCTURAL SETTING
The Mission and Flathead Valleys are north/south-trending extensional 
half-graben located in western Montana (Figure 1-2). Both valleys are bounded 
on their eastern side by the Mission Fault, a major normal fault that has 
undergone large magnitude prehistoric rupture and is responsible for the 
impressive topographic relief of the Mission Mountain front (Stickney, 1980). 
Closely associated with the fault and underpinning much of the Mission and 
Flathead Valleys is a complex of Quaternary deposits associated with glacial 
Lake Missoula (Levish, 1997). This Pleistocene lake filled the valleys of western 
Montana after the Purcell Trench Lobe of the Cordilleran Ice Sheet (Figure 1-1) 
dammed the Clark Fork River system. In addition to the deposits of Glacial Lake 
M issoula, the M ission and Flathead V alleys contain P leistocene sedim entary  
deposits from local alpine glaciers, a variety of Pleistocene and Holocene fluvial 
deposits, and Holocene lacustrine deposits associated with Flathead Lake -  a
3
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remnant of glacial Lake Missoula. Importantly, many of these Quaternary 
deposits are closely associated with the Mission Fault. Some deposits cut the 
fault; others are cut by the fault (Ostenaa et al., 1995; Hofmann and Hendrix, 
2003).
The study area has a rich history of active seismicity (Stickney, 2000). It is 
located in the northwestern extension of the Intermountain Seismic Belt (ISB). 
The ISB is characterized by relatively abundant late Quaternary (last 125,000 
years) faulting and moderate levels of historic seismicity. Late Quaternary faults 
in the ISB are most often range-bounding normal faults that display evidence of 
recurrent, discrete, surface displacements of up to several meters during 
individual seismic events. Historic seismicity in the ISB is typically diffuse but is 
punctuated by the occurrence of magnitude 6.5 to 7.5 earthquakes that are 
accompanied by surface faulting (Ostenaa et al., 1990). The last major event to 
have produced a surface rupture along the east side of the Mission Valley, within 
the mapping area, occurred 7,700 ± 200 years ago and was estimated at 
magnitude 7.5 (Ostenaa et al., 1995).
In addition to being located in an area of active seismicity, the southern 
Mission Valley is located at the intersection of two major structural provinces of 
western North America: the Rocky Mountain Trench and the Lewis and Clark 
Line (Figure 1-2). The Rocky Mountain Trench is a linear system of valleys that
4
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extends for approximately 1600 km from northern Montana to the British 
Columbia-Yukon border, Canada (Leech, 1966). In the southern Canadian 
Cordillera it is bounded on its east side by a west-dipping normal fault. Miocene 
lake deposits found in the southern part of the trench indicate that the trench 
fault is younger than the Mesozoic compressional structures of the Rocky 
Mountains to the east and the Purcell mountains to the west.
The southern Rocky Mountain trench follows an old basement ramp that 
is part of a mesoproterozoic margin upon which the Belt-Purcell Supergroup was 
deposited. During Mesozoic contraction, the Rocky Mountain Basal Detachment 
(RMBD) closely followed the craton-cover contact across this ramp, forming a 
major culmination above it (Sears, 2001). When thrusting ceased, the RMBD was 
reactivated as an extensional fault and focused stress towards the surface at the 
basement ramp, causing extensional faulting in the trench.
The Lewis and Clark Line is a major lineament that trends ENE-WSW 
across the northern Rocky Mountains. The Rocky Mountain Trench and Lewis 
and Clark Line intersect within the study area, in the southern end of the Mission 
Valley (Figure 1-2).
Characterization of Quaternary deposits closely associated with the 
Mission fault system is important because these deposits not only provide 
constraints on the fault movement, but also they are the main sources of
5
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groundwater for the Mission and Flathead Valley populations. Recent 
reconnaissance-level mapping of groundwater resources in the Flathead and 
Mission Valleys (LaFave, 2000; Smith et al., 2000; Smith, 2001) has demonstrated 
that Quaternary deposits are highly variable in terms of their sedimentology, 
ranging from extremely well-sorted eolian deposits to open framework fluvial 
outwash gravels to poorly sorted glacial diamictite.
Previous studies of the modern tectonics in the Flathead Valley have 
focused mainly on movements along the major faults around Flathead Lake and 
the locations of earthquakes along these faults (Pardee, 1950; Smith and Sbar, 
1974; Kogan, 1980; Stickney, 1980; Qamar et al., 1982; Qamar and Stickney, 1983; 
Ostenaa et al., 1990; Stickney, 1999; Haller et al., 2000; Lageson and Stickney, 
2000; Stickney, 2000). Work focusing on the nature of Late Pleistocene 
sedimentation in glacial Lake Missoula is mostly out of date or reconnaissance in 
nature (Pardee, 1910; Nobles, 1952; Alden, 1953; Johns, 1970; Chambers, 1971; 
Stoffel, 1980; Atwater, 1984; Chambers, 1984; Levish et al., 1994; Levish, 1997).
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Figure 1-1: Reconstruction of glacial Lake Missoula, glacial Lake Columbia, the 
Channeled Scablands, and the southern terminus of the Cordilleran ice sheet during the 
last glacial maximum (Modified from Waitt, 1985).
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Figure 1-2: Flathead Lake is located 
near the intersection of two main 
structural lineaments in northwest 
Montana. The Mission and the 
Swan faults resample the general 
trend of the Rocky Mountain 
trench and the St Mary's fault is a 
major fault of the Lewis and Clark 
lineament, JVF= Jocko Valley Fault; 
The black square marks the 
position of the study area; 
modified from Ostenaa et al. 
(1990).
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METHODS
Field mapping
The area for detailed geologic mapping just southeast of Flathead Lake 
was chosen to encompass the deposits of the latest Pleistocene glacial advance, 
sediments related to fluctuations of Flathead Lake, and trace the Mission fault. 
During the summer of 2002 we mapped the surficial geology and the position of 
the fault directly onto 1:24,000 topographic base maps published by the USGS. 
To supplement on-ground observations of Quaternary landforms, we used aerial 
photographs obtained from the USGS, 30m DEM's, groundwater well log data, 
and previously published and unpublished maps (Nobles, 1952; Ostenaa et al., 
1990, Ostenaa et al., 1995). We determined the relative ages of Quaternary 
deposits mainly by standard geomorphic techniques, such as crosscutting 
relationships and the degree of degradation of original surface morphologic 
features. For the chronological interpretation of alpine moraines at the mouth of 
several valleys in the Mission Range we measured the slope angle of several of 
these moraines. Moraines are genrally altered by erosion with time and the 
measurement of erosional characteristics, such as the slope angle reflect the 
relative ages of these glacial deposits (Knoll, 1977; Miller, 1979; Elison, 1981). 
Slope angles were determined from the topographic base maps and DEM 
overlays in ArcGIS.
8
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Clast fabric analyses and the analyses of clast long axes orientation in 
particular was used to determine the predominant ice flow direction in some 
parts of the study area. Results of this analysis are displayed in Rose diagrams, 
one of the three most common ways to display clast fabric data (Evans and Benn, 
2004). Previously published maps by Mudge et al. (1982) and Harrison et al. 
(1986) assisted us in mapping the bedrock geology.
The final geologic map was composed in Arc/Info GIS from a 
georeferenced mosaic of the aerial photographs and the 1:24,000 topographic 
base map. Access to all areas in the map area required either permission of 
private landowners or a permission from the Confederated Salish and Kootenai 
tribes. Permission to access the tribal land can be obtained from the tribal 
government in Pablo.
Global Positioning System survey (Lake terrace survey)
To supplement our mapping of the surficial geology, we used GPS 
technology to survey a variety of lake terraces in the East Bay quadrangle. These 
surveys allowed us to determine the exact position of the terrace scarps and to 
determine if these terraces have all the same elevation. We used a Trimble GPS 
system to make continuous line transects perpendicular to the strike of the 
terrace scarps. The GPS system was able to provide very good results in open
9
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areas but had resolution problems in forested regions. We converted terrace 
measurements into Excel-readable data, using Trimble software, and then 
entered these data into Surfer (Golden Graphics Software) to determine the 
height and elevation of the terraces.
Total Station Survey (Fault scarp analyses)
To determine the offset and slip rates along the Mission fault within the 
East Bay quadrangle map area, we used a Leica Electronic TC 307 Total Station. 
To measure the fault profiles, we made six traverses down the scarp slope with 
the reflecting prism (Figure 1-3). The total station itself was positioned in an open 
area in front of the slope where all of the transect points could be easily seen. We 
made individual measurements about every 0.5 m down the scarp slope. To 
finalize our survey we entered measurements of scarp profiles into Surfer 
(Golden Graphics software) to determine the magnitude of the surface offset and
Prism on rod
increments (~Q.5m)Total Static
Figure 1-3: Diagram showing the setup for total station survey.
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to approximate the dip-angle of the fault. Using surface offsets across the fault 
scarps, in addition to rupture length, we determined the average slip rates along 
the fault segments.
STRATIGRAPHY OF THE EAST BAY QUADRANGLE
Stratigraphic framework
The East Bay quadrangle is located south of Flathead Lake, in the 
northeastern Mission Valley. The stratigraphy of the East Bay quadrangle closely 
resembles that of many valleys in NW-Montana (e.g. Alden, 1953; Harrison et al., 
1986) and the Flathead Valley in particular (Ostenaa et al., 1995; Smith, 2004). The 
same general framework outlined in these previous studies especially for the 
Flathead Valley is applied here to the East Bay quadrangle. Detailed field study, 
has revealed that some of the previous researchers simplified the stratigraphy in 
selected areas. For this reason a detailed correlation of these older maps to the 
detailed stratigraphic framework used in this study is limited. Stratigraphic units 
in the East Bay quadrangle consist of well-indurated metasedimentary rocks of 
the Mesoproterozoic Belt Supergroup and various unconsolidated Quaternary 
sediments in the lower elevation parts of the valleys.
1 1
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Holocene and Pleistocene sediments are most common in the area south 
of Flathead Lake, whereas Precambrian rocks of the Belt Supergroup crop out 
only in the easternmost part of the map area. Pleistocene sediments in the map 
area are dominated by till and glacial outwash related to advances of the 
Flathead Lobe of the Cordilleran Ice Sheet and advances of smaller alpine 
glaciers flowing down west-facing valleys of the Mission Range. Pleistocene 
sediments also include sub-lacustrine sediments related to glacial Lake Missoula. 
Holocene sediments in the map area consist of a complex suite of eolian, alluvial, 
fluvial, and colluvial sediments.
Mesoproterozoic Belt Supergroup
Outcrops of bedrock dominate the foothills and lower slopes of the 
Mission Range in the easternmost part of the East Bay quadrangle (Plate 1-1). 
These outcrops are metasedimentary rocks of the Belt Supergroup and include 
commonly red and green argillite, fine-grained quartzite, carbonaceous argillite 
and siltite of the middle Proterozoic Saint Regis Formation, Empire Formation 
and Helena Formation. In the following we give a brief lithologic description of 
the different stratigraphic units that we used to differentiate among these units. 
Importantly, these descriptions are incomplete stratigraphic descriptions and not 
based on detailed measurements of any stratigraphic sections, but a more
12
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detailed analysis of this stratigraphically oldest map unit is beyond the focus of 
this study.
Ybe - Belt Supergroup rocks, undivided (Middle Proterozoic)
This map unit was frequently used to describe bedrock in thickly 
vegetated areas with limited outcrops.
L ithology: An assemblage of different metasedimentary rocks of the Belt
Supergroup. Most common in this unit are red and green argillite, fine-grained 
quartzite, carbonaceous argillite, and siltite of the middle Proterozoic Saint Regis, 
Empire, and Helena Formations.
Yh - Helena Formation of the Belt Supergroup
The youngest of the Belt Supergroup formations in the study area is also 
the most common bedrock map unit in the study area. It generally was easy to 
distinguish from other map units because the Helena formation is the only 
carbonate/carbonaceous unit among the formations mapped in the study area. 
Lithology: Mostly gray to greenish-gray limestone locally containing
stromatolites and interbedded with dolomite, dolomitic siltite, siltite, and 
argillite. Characteristic are beds with intraclasts containing molar-tooth structure.
13
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Ye - Empire Formation of the Belt Supergroup
The Empire Formation was distinguished from the underlying Saint Regis 
Formation mainly by color. Separating it from the younger Helena Formation 
was easier and commonly accomplished by determining the carbonate content. 
Lithology: Grayish-green argillite and locally slightly dolomitic siltite.
Characteristic are mudcracks within the green argillite, ripple marks, and sub­
horizontal calcite-filled voids. Pyrite is common.
Ysr - Saint Regis Formation of the Belt Supergroup
The Saint Regis formation is the oldest of the Belt Supergroup formations 
outcropping in the map area. It was only found in the far eastern part near the 
map boundary.
Lithology: Dark-purple to dark-green argillite and siltite. Mud cracks, mud chips, 
and ripple marks are common.
14
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Quaternary
Quaternary sediments are the most common deposits in the study area 
and include late Pleistocene glacial deposits of smaller alpine glaciers from the 
Mission Range and tills from the Flathead lobe of the Cordilleran ice sheet. In 
addition, Quaternary sediments include different Pleistocene and Holocene 
alluvial deposits, colluvium, and Pleistocene and Holocene lake sediments from 
glacial Lake Missoula and Flathead Lake, respectively (Fig. 1-4). These sediments 
fill the Mission Valley, several areas within the lower Mission Range and the 
majority of the canyons coming off of the Mission Range. Additionally they 
occupy the lowermost slopes of the Mission Range (Plate 1-1).
Pleistocene
Glacial deposits
Glacial deposits include tills of alpine glaciers at the mouth of several 
canyons and tills related to the Flathead lobe of the Cordilleran ice sheet south 
and east of Flathead Lake. In this report, we describe outwash sediments as 
alluvial deposits section although they are obviously related to the glacial 
activity in the area. Alpine moraines were formed during at least two advances 
of local alpine glaciers out of small west-facing canyons of the Mission Range. 
Moraines of alpine glaciers are subdivided by their position and morphology.
15
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Figure 1-4: Correlation of Quaternary map units.
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They contain angular to sub-angular cobble and gravel, are poorly sorted, and 
have a sandy to silty matrix.
Tills of the Flathead lobe of the Cordilleran ice sheet were most likely 
formed during two major late Pleistocene advances. They contain moderately 
sorted, sub-angular to sub-rounded clasts that range from boulder to silt size. 
These sediments crop out in the Poison moraine, the most prominent Quaternary 
geomorphic feature in the mapping area.
Qgmay - Youngest alpine moraine (late Pleistocene)
Lithology: Unconsolidated, poorly sorted, sandy and silty cobbles and gravel; 
angular to sub-angular deposits related to the range front of the Mission 
Mountains at Hell Roaring Creek, Bisson Creek, Dubay Creek, and Big Creek 
(Figure 1-5). Forms high, prominent, sharp crested lateral moraines and less 
common and/or less pronounced terminal moraines. Just north of Bisson Creek 
one of these well developed moraines shows a slope angle of 30 degrees (Table 1- 
1). Occurs usually between lateral moraines of Qgmai.
In terpretation: Inferred to correlate to the latest Pleistocene advance of alpine 
glacier, about -15,000 cal yr BP. Alternatively these deposits might have been 
deposited during a recessional stage of the Qgmai maximum advance.
17
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Figure 1-5: Till of younger alpine moraines east of Hell Roaring Creek. These generally 
poorly exposed outcrops contain mostly angular and sub-angular clasts of Helena 
Formation with minor or no fine grained interclast matrix.
Qgmai - Intermediate alpine moraine (late Pleistocene)
Lithology: Characterized by high, sharp-crested lateral moraines (e.g. Minesinger 
Ridge, Plate 1-1) and less common and/or less pronounced terminal moraines at 
the mouth of Mud Creek, Bisson Creek and Big Creek (Figure 1-6). The slope 
angle of the Minesinger Ridge lateral moraine, one of the very striking moraines 
(Figure 1-7), are steep and range between 27 to 35 degrees (Table 1-1). Contains 
unconsolidated, poorly sorted, silt-to boulder size, angular to sub-angular clasts, 
exclusively composed of local Belt sedimentary rock.
18
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Figure 1-6: Photogaph showing lateral (L) and terminal (T) intermediate alpine 
moraines (Qgmai) east of Bisson Creek. Similar geomorphologic features are common 
along the Mission Range front and were deposited at the farthest down-valley advance 
during the last glacial maximum.
In terpretation: The morphology and position of the moraines close to the toe of 
the Mission Range suggests a late Pleistocene age of these deposits, correlative 
with the first advance, the maximum Pinedale glaciation, during the late 
Pleistocene at -19,000-21,000 cal yr BP. Knoll (1977) and Elison (1981) described 
sharp crested moraines from Idaho and NW-Montana as being typical for latest 
Pinedale glaciation moraines. Terminal moraines were likely eroded by high 
water discharge during the retreat of the glacial terminus or a later readvance 
connected to the deposition of the youngest set of terminal moraines (Qgmay).
19
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Qgmao - Oldest alpine moraine (Pleistocene)
Lithology: Forms moderately high, round-crested lateral moraines with slope 
angles of 2 to 13 degrees near Ashley Creek, Minesinger Ridge, and Minesinger 
Creek. Terminal moraines are not developed or not very well pronounced. 
Where present, moraines of Qgmai crosscut these older lateral moraines (Figure 
1-7). Characterized by matrix-supported, sandy and silty cobble and boulder 
gravel of local Belt rocks. The distal parts of the moraine merge without a well 
defined contact into the surrounding deposits.
Interpretation: The fact that Qgmao moraines are crosscut by Qgmay and/or 
Qgmai moraines and that they exhibit geomorphologic features suggesting 
protracted erosion, such rounded and poorly defined moraine crests suggests 
that Qgmao moraines are related to an older glacial maximum advance most 
likely the Bull Lake glaciation (>35ka). Similar shaped moraines have been 
described by Knoll (1977) and Elison (1981) for glacial moraines associated with 
the Bull lake glaciation in many mountain ranges in Idaho and NW-Montana.
20
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Figure 1-7: Aerial photograph and 30m DEM of parts of the map area. The red circle 
highlights the area where the crosscut relationship between Qgmao (E-W trending, 
rounded moraines) and Qgmay (Qgmai) (sharp crested Minesinger Ridge) is clearly 
defined.
21
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Qgmfl - Flathead lobe lateral moraine (late Pleistocene)
Lithology: Unconsolidated, moderately sorted, silt- to boulder-size deposits with 
sub-angular to sub-rounded clasts that are predominantly exposed along the east 
side of the Mission Valley near the toe of the Mission Range. These sediments 
overlie rocks of the Metaproterozoic Belt Supergroup and range in thickness 
between 3 and 20 m. The main components are clasts of Belt Supergroup rock, 
late Proterozoic igneous rock and Tertiary igneous rocks. The measurment of 
long axes of clasts, a method commonly used to identify the glacial flow 
direction (Evans and Benn, 2004), exhibit a fairly random distribution, typical for 
till (Figure 1-8).
Interpretation: These tills were deposited as lateral moraines during the most 
southward advance of the Flathead lobe. Most importantly, two clearly defined 
sets of moraine crests suggest that these sediments were likely deposited during 
two different late Pleistocene advances. The identical source area explains the 
lithologic similarity between these two morphological distinguishable features. 
Laterally the Qgmfl deposits connect to the terminal moraine formed by Qgmft 
deposits described below.
22
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Qgmft - Flathead lobe terminal moraine (late Pleistocene)
Lithology: Clast-supported, rounded to sub-rounded, moderately sorted, massive 
deposit with some sand lenses. Constitutes most of the surface of the Poison 
moraine. The orientation of the majority of clast long axes is parallel to the 
former glacial ice margin (Figures 1-9, 1-10). Interestingly, clasts typically do not 
show any striation or faceted faces. Includes higher sand content in southern and 
western parts of the moraine. 2-D crossbeds exposed in these sands clearly 
indicate fluid flow parallel to the former anticipated ice-front. Interestingly we 
didn't observe any glaciotectonic deformation structures in these deposits. 
Interpretation: The presence of flow indicators suggests that the deposition of the 
Qgmft deposits was strongly influenced by fluid flow. Clast orientations and 
orientation of crossbeds in sand layers seem to be unrelated to the pre-dominant 
glacial movement and are likely related to the direction of flow during 
deposition thus reflect the deposition of these sediments influenced by currents 
parallel to the front of the glacier. Sand lenses indicate a frequent change in flow 
velocity or a shift of main flow activity along the entire length of the glacial front. 
Similar successions of glacial deposits, till alternating with sand deposits, have 
been described from former Pleistocene ice marginal settings in Poland, where 
glacio-lacustrine sediments alternate with proglacial fans (Krzyszkowski, 2002; 
Krzyszkowski and Zielinski, 2002). Based on these observations we suggest that
23
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Qgmft sediments were deposited in a sub-lacustrine environment as waterlaid 
till or lacustrotill (May, 1977) of a floating Flathead Lobe. Such a depositional 
environment is also suggested by the absence of any syn- or post-depositional 
deformation structures in the till and striated or faceted clasts that would be 
expected if the glacier would have been grounded (Bennett and Glasser, 2004). 
The age of the Poison moraine has been inferred to be latest Wisconsin (16-13ka; 
Ostenaa et al., 1990). However, shorelines along the southern slope of the 
moraine related to glacial Lake Missoula and wave cut terraces on the northern 
slope related to a late Pleistocene ancestral Flathead Lake all suggest a 
depositional age on the upper end of Ostenaa et al.'s suggested range or even 
older (Levish, 1997; chapter 2 this study).
24
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Figure 1-8: Rose diagram: Clast orientations, in lateral 
moraine sediments (Qgmfl). n= 44.
-30—90Z?0 -3 0
Figure 1-9: Clast orientations in terminal moraine 
sediments near Turtle Lake (Qgmft). Note the dominant 
clast orientation parallel to the ice margin front. n= 16.
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Figure 1-10: Outcrop of Qgmft sediments south of Turtle Lake. View is to the east. Clast 
supported till with fine grained clay and silt matrix. Clast orientations presented in 
Figure 1-9 were measured in this outcrop. Note the length of the white pipe in the center 
of the picture is ~lm.
Lake sedim ents
Pleistocene lacustrine sediments in the study area are related to glacial 
Lake Missoula and/or a proto Flathead Lake. Glacial Lake Missoula was formed 
by damming of the Pleistocene Clark Fork River by a lobe of the Cordilleran ice 
sheet near the present site of Pend Oreille Lake, Idaho (e.g. Pardee, 1910, 1942). 
The dam impounded water to the east, creating glacial Lake Missoula (Figure 1- 
1). This lake had a maximum lake surface elevation of 1,265 m (Waitt and
26
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Atwater, 1989), a volume similar to that of present Lake Ontario (>2,500 km3; 
Waitt, 1984; Craig, 1987), and a maximum water depth of 670 m.
Ancestral Flathead Lake was an early remnant of glacial Lake Missoula formed 
behind the Poison moraine dam (Smith, 2004). Wave-cut lake terraces across the 
Flathead Lake basin support the existence of such a lake. Sediments at the bottom 
of present day Flathead Lake suggest however, that this ancestral Flathead Lake 
didn't exist for much longer than ~1000 years and the lake was confined to its 
modern day basin not long after the final retreat of the glacial lobe (chapter 2 and 
4 this study; Hofmann et al., in prep.)
Qgl - Glacial lake deposits, undivided (late Pleistocene)
Lithology: Well sorted fine-grained sand with minor silt and local pebble sized 
clasts. Sediments cover the terrace at elevation of 902 m north of the Poison 
moraine (Figure 1-11). Equivalent sediments also cover an area around Turtle 
Lake and underlie thin gravel beds on Finley Point.
In terpretation: The terrace deposits and the deposits on Finley Point represent 
beach sand deposits along the shores of ancestral Flathead Lake. Similar 
sediments around Turtle Lake might be beach deposits of glacial Lake Missoula 
or ancestral Flathead Lake. Levish (1997) postulated that glacial Lake Missoula 
existed for a period of 3,240 to 3,510 years between approximately 21,000 and
27
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18,000 cal yr BP. Hence the sediments around Turtle Lake might be as old as 
about 21,000 years while similar lacustrine sands covering the 902 m-terrace and 
Finley Point are likely younger and represent deposits of a late Pleistocene 
highstand of ancestral Flathead Lake (chapters 2 and 4 this study).
Figure 1-11: Wave cut terraces south of Flathead Lake. Higher terrace (to the left and in 
the background) is occupied by Qgl deposits. To the right of the surface scarp late 
Pleistocene lake sediments (Qlkof) are outcropping. View is to the west.
28
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C ollu viu m
Pleistocene colluvium includes moderately sorted sediments transported 
by gravity-induced processes. Such deposits are commonly found near the toe of 
steep slopes within the lower Mission Range.
Qco - Colluvium, older, undivided (latest Pleistocene -  early
Holocene)
Lithology: Poor to moderately sorted slope deposits in the southeastern part of the 
map area. Predominantly angular boulders of Belt rock along the slope between 
Minesinger Ridge and Ashley Creek. Forms a gradual slope with no 
distinguishing morphology. Overlain by Qgom deposits in lower parts of the 
valley.
Interpretation: Qco sediments are considered to be late Pleistocene deposits, but of 
unknown depositional mechanism. The smooth slope morphology suggests a 
slow cohesive mass transport process, but the presence of mainly angular 
boulders suggests a more non-cohesive mechanism. There was no outcrop in this 
map unit that exposed a cross sectional few of the deposits leaving room for 
speculation about the depositional mechanism.
29
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A llu v iu m
Pleistocene alluvial deposits within the area of the East Bay quadrangle 
are mostly related to glacial processes. The clast composition of the alluvial 
deposits is similar to glacial till, but clasts are usually smaller in size, slightly 
better rounded and fine-grained matrix is commonly absent. This unit occupies 
most of the Mission Valley floor south of the Poison moraine and is not 
characterized by any pronounced geomorphologic features. Analysis of well log 
data suggests that these sediments range in thickness from 0 to 200m.
Qgop - Glacial outwash deposits south of Poison moraine
(Pleistocene)
Lithology: Clast-supported, coarse silty and sandy cobble-bearing gravel (Figure 
1-12). Deposits form a broad south-sloping plain south of the Poison moraine. 
Contains well-rounded cobbles of Belt sedimentary rock, Precambrian igneous, 
and Tertiary igneous rocks. Cross stratification in different scale commonly don't 
show one dominant flow direction but a general trend to the south, away from 
the former ice margin. Channels are uncommon.
30
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 1-12: Outcrop of subaqueous outwash sediments (Qgop) west of Hwy 93, south of 
the Poison moraine. The mainly gravely facies alternates with sand rich layers. Crossbeds 
in sand layers and larger scale bedforms indicate flow in multiple direction but with a 
general trend to the south.
In terpretation: Qgop sediments are most common in the area south of the Poison 
moraine and are interpreted to be outwash deposits from the Flathead Lobe. The 
sandy and silty cobble and boulder gravel are interpreted as the product of 
sedimentation from subaqueous sediment-density flows (Postma, 1986). The 
deposition proximal to the Poison Moraine on a gently south sloping plane 
suggests the deposition of these subaqueous outwash deposits from surge-like 
flows (Bennett et al., 2002). Flow indicators display flow away from the late 
Pleistocene ice margin. Provenance analysis of the main clasts and the absence of
31
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channels suggest that these sediments are deposits of brought or sheetlike glacial 
outwash surge fed by the Flathead Lobe Ice mass rather than local alpine 
glaciers. Precambrian and Tertiary igneous rocks are only exposed north of 
Flathead Lake and have not been recognized in the part of the Mission Range 
east of the mapping area (Mudge et al., 1982; Flarrison et al., 1986).
Qgom - Glacial outwash from Mission Range glaciers (Pleistocene)
Lithology: Clast supported, silty and sandy cobble gravel. Very similar to Qgop 
but contains only local Belt sedimentary rock clasts and no Precambrian or 
Tertiary igneous rock clasts. Well log data indicates that Qgom sediments might 
be more than 200 m thick south of Blumenhagen Spring.
In terpretation: Qgom sediments are found along the toe of the Mission Range on 
the east side of the valley, where they were deposited by outwash flow from 
alpine glaciers. The contact between Qgom and Qgop is poorly defined and was 
inferred in all cases.
Qgo - Outflow sediments, undivided (Pleistocene)
Lithology: Beds of cross-bedded sand and gravel with increasing sand content 
higher up in section and in the more ice-marginal distal locations (Figures 1-13, 
1-14, 1-15). Sand in proximal outcrops is commonly moderately sorted with
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minor silt and occasional small pebbles (Figure 1-15). Erosional contacts at the 
base of gravel layers are common along the north side of the Poison moraine and 
near the top of the Poison moraine (Figure 1-15). Sand rich facies in the distal 
outcrops is better sorted and rounded and grains range in size from very fine 
sand to medium grained sand (Figure 1-13, 1-14). Paleo-flow analysis of the 
cross-beds in the sand rich layers indicates dominant flow towards the south (1- 
14). Sand commonly occurs in either confined lenses or channels in the proximal 
areas (Figure 1-15) and dominates the outflow system in the more distal parts 
(Figures 1-13,1-14)
In terpretation: Deposited in an outflow channel of an ancestral Flathead Lake. The 
gravel rich deposits (Figure 1-15), alternatively, might have been deposited as 
subaqueous channel fills during subglacial meltwater surges as the ice margin 
proximal facies of Qgop. The frequent erosional contacts, channels, and 2D and 
3D crossbeds indicate high-energy flow velocities. Unit either accumulated at the 
same time as unit Qgop as the more proximal deposits or post dates the glacial 
deposits.
Qaf - Alluvial fan deposit (Pleistocene)
Lithology: Contains moderately to well-sorted, rounded clasts of cobble and 
pebble size that are exclusively composed of local Belt rocks. The outcrop shows
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large-scale bedforms of alternating sand-rich and gravel-rich beds that in many 
cases gradually fine upward (Figure 1-16).
Interpretation: Deposition in high-energy flow in an alluvial fan or more likely a 
delta at the mouths of Hell Roaring Creek and Skidoo/Holmes Creeks either 
during a lake level high stand of ancestral Flathead Lake or alternatively in late 
Pleistocene glacial Lake Missoula. The deposition in ancestral Flathead Lake, 
however, seems to be the more likely interpretation. Qaf clearly cross-cuts Qmfl 
deposits, thus post-dates the last glacial maximum. If glacial Lake Missoula 
existed during the last glacial maximum (Levish, 1997), then Qaf was deposited 
in ancestral Flathead Lake, rather than glacial Lake Missoula. Large scale 
crossbeds indicate dominant flow to the northwest (Figure 1-16). Massive sand 
layers on Finley point with crossbeds that indicate flow to the north are 
interpreted to be the distal deposits of this alluvial fan or delta system.
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Figure 1-13: Distal outflow channel sediments (Qgo) near the top of the Poison moraine 
west of Highway 93. Depositional cycles (dashed lines) are composed of layers with 3-D 
ripples at the base, overlain by 2-D ripples and parallel laminated beds. Some of the 
cycles are capped by a better cemented bed with faded burrows, interpreted as Paleosoil. 
Commonly cycles are not complete and even truncated by younger sediments. Loess at 
the top of the outcrop reflects the post outflow history. View is to the west.
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code Interpretation
Code Description
Go Open-framework gravel. 
Matrix poor.
St Planar cross-bedded sand. 
Fine to medium grained 
sand.
Sh Horizontally bedded 
sand.
Very-fine to fine grained 
sand.
Sr Rippled sand.
Scr Climbing ripples.
Sc Steeply dipping dune 
foresets.
Coarse to medium sand.
Sm Massive sand. Coarse to 
fine sand.
Suf Upward fining sand.
FI Laminated silt and clay
Fm Massive silt and clay
Figure 1-14: Detailed stratigraphic
section of the outflow deposits from 
figure 1-13 (section line I). Lithofacies 
codes are described above (after 
Bennett et al., 2002). Directional 
elements post north at top. C= clay; Si= 
Silt; S= Sand; G= Gravel
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Figure 1-15: Stratigraphic section of outflow deposits, exposed in the Poison moraine 
west of Highway 93. Section is stratigraphically lower than section in figure 1-14. See 
figure 1-14 for legend. View is to the east.
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debris
Figure 1-16: Fan alluvium or delta deposits (Qaf) exposed in an old quarry along Hwy. 
35. Beds of gravel and sand rich layers alternate. Note the large foresets near the top of 
the outcrop indicate flow to the northwest. View is to the east.
moraine name map unit slope angle
BC1 Qgmay 30.88
MR 1 Qgmao 13.06
MR 2 Qgmai 35.35
Qgmai 27.34
MR 3 Qgmao 2.65
Qgmao 10.41
MR 4 Qgmao 10.41
MCI Qgmao 9.27
MC 2 Qgmao 10.1
Table 1-1: Slope angles for alpine moraines. 
BC= Bisson Creek; MR= Minesinger Ridge; 
MC= Mud Creek. Qgmai and Qgmay 
moraines commonly have steeper slope 
angles than Qgmao moraines.
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Holocene
Lake sedim ents
Holocene lake sediments within the mapping area are related to Flathead 
Lake or an ancestral Flathead Lake and crop out close to the actual lake basin. 
They contain mostly fine-grained sand and silt.
Qlkf - Lake deposits of Flathead Lake (latest Holocene to present)
Lithology: South and North of Poison Bay, contains organic-rich, fine-grained 
sand and silt. Usually contains swampy vegetation and is flooded during certain 
times of the year (Figure 1-17).
Interpretation: These sediments are marginal or flood related deposits around 
modern Flathead Lake.
Qlkof - Lake deposits of ancestral Flathead Lake (late Pleistocene -
early Holocene)
Lithology: Well-sorted fine sand with silt and clay. Unit occupies the area between 
a scarp that cuts into the 902 m terrace and present-day Flathead Lake shoreline. 
The 902 m terrace is the best developed wave cut terrace in the Flathead Lake 
basin and can be traced in the Poison Bay area as well as further to the north and 
west, outside the study area.
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Interpretation: Sediments were probably deposited in an ancestral Flathead Lake 
dammed by the Poison moraine. Terraces are interpreted to be wave-cut into 
Pleistocene sediments (e.g. Qgmft) and indicate a higher lake level for ancestral 
Flathead Lake (chapters 2 and 4 this study).
Eolian sed im en ts
Qe - Eolian deposits (early -mid Holocene)
Lithology: Characterized by very well-sorted, brown, fine to medium grained 
unconsolidated sand with common frosted grains and minor silt. Sand deposits 
form hummocky like topography in the southern part of the mapping area and 
between Hwy 93 and Turtle Lake (Figure 1-18). Soil color is light brown to tan. 
Interpretation: The clean, well-sorted sand represents remnants of eolian dunes. 
These dune deposits clearly overlie Pleistocene glacial sediments of the Poison 
moraine and were deposited after retreat of the Flathead Lobe, the drainage of 
glacial Lake Missoula, and the higher elevation stage of ancestral Flathead Lake. 
Superposition of Qe sediments atop Qgo and Qgl deposits suggests that they 
were deposited along the margin of the lower elevation stage of ancestral 
Flathead Lake during the late Pleistocene or early or mid Holocene.
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Figure 1-17: Very fine grained, organic rich mud Flathead Lake sediments. Covered by 
water during higher Lake levels. Photograph was taken at Point. View is to the west.
Figure 1-18: Hummocky topography east of Hwy 93. The hummocks (lighter color) are 
remnants of eolian dunes (Qe sediments); the depressions between the hummocks 
include Qgo and Qgl sediments. View is to the SSE.
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C olluvium
Holocene colluvium mainly consists of recent to sub-recent landslides and 
slumps within the Mission Range. There are no slumps or slides found in the 
center parts of the Mission Valley.
Qc - Colluvium (latest Holocene to present)
Lithology: Poorly to moderately sorted, slopewash colluvium. Includes localized
slumps and rockfall deposits. Contains mostly angular to sub-angular clasts of
local lithology (Figure 1-19).
In terpretation: Recent to sub-recent landslides and slumps that were formed along 
steep slopes within the Mission Range.
A llu v iu m
Holocene alluvium is exclusively related to m odern stream channels and 
flood plains.
Qal - Alluvium of modern streams (latest Holocene to present)
Lithology: Includes reworked older coarse-grained deposits within active
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channels and fine-grained overbank sediments. Contains localized colluvium 
from over steepened banks and creek walls.
In terpretation: Recent to sub-recent stream alluvium within active channels and 
flood plains.
Figure 1-19: Landslide in lateral moraine (Qgmfl), east of H wy 35 and south of Hell 
Roaring Creek. The steep slope in the left part of the picture is the surface scarp of the 
landslide glide plane. View is to the south
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DISCUSSION AND CONCLUSION
Geologic mapping of the USGS 7.5-minute series East Bay quadrangle 
(northern Mission Valley) has demonstrated that the valleys are occupied by a 
variety of Quaternary sediments while most of the mountains consist of 
Mesoproterozoic rocks of the Belt Supergroup (Plate 1-1). In the northern 
Mission Valley glacial moraines form the most pronounced geomorphologic 
features. Comparisson of the moraine morphology in the study area with 
morphologic characteristics cited from moraines from other parts of the Rocky 
Mountains (Miller, 1979; Elison, 1981) suggest that at least two generations of late 
Pleistocene alpine moraines (Qgmai, Qgmay) are present in the study area. These 
moraines fit the characteristics of Pinedale moraines from other Rocky Mountain 
regions very closely (Figure 1-20; e.g. Knoll, 1977; Miller, 1979; Elison, 1981). In 
particular, these characteristics include sharp, narrow moraine crests and steep 
slope angles. The geomorphologic characteristics of the two Pinedale moraines, 
however, are very similar and the distinction between Qgmai and Qgmay 
moraines rests heavily on the relative ages determined by the positional 
relationship. In addition we mapped two sets of lateral moraine crests along the 
east side of Flathead Lake that contain identical sediments (Qgmfl) as well as two 
separate terminal moraine positions (Qgmft) south of Flathead Lake. Based on 
these observations we suggest that during the latest Pleistocene, the Flathead
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Lobe of the Cordilleran ice sheet advanced twice as far south as Poison and 
formed the Poison terminal moraine. Shorelines along the southern slope of the 
Poison moraine and a wide variety of sedimentary structures indicate that the 
southern part of the Poison moraine and most of the outwash deposits south of 
the moraine were deposited in a sub-lacustrine environment. Along the northern 
ridge of the Poison terminal moraine we didn 't identify similar structures, 
mainly due to limited exposure. Thus, subaerial deposition for this second set of 
moraines can't be totally excluded. The shorelines along the southern slope of the 
moraine suggest deposition either prior or during the occurance of glacial Lake 
Missoula (Levish, 1997). The northern ridge of the Poison moraine is suggested 
to be younger and the result of a later Pleistocene advance (-15,000 cal yr BP).
i
The interpretation of two late Pleistocene advances rather than just one is 
consistant with studies from the Yellowstone area (Licciardi, 2004) and 
Washington State (James and Clague, 2002). There, well dated sediments reveal 
clearly evidence for an earlier late Pleistocene advance at about 20,000 cal yr BP 
and a younger maximum advance post 16,000 cal yr BP with completely ice-free 
conditions between these two advance stages. Associated with this wealth of 
glacial margin deposits are outwash deposits of different ages and origin (Qgom, 
Qgop, Qgo). Post-dating the glacial maximum are pro-glacial lake deposits (Qgl), 
lake deposits of a proto-Flathead Lake (Qlkof) and fan or delta deposits that were
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accumulated during a higher lake stage (Qaf). Other Quaternary sediments in the 
northern Mission Valley clearly are associated with the Holocene history of the 
valley and include alluvial deposits (Qal), colluvium (Qco, Qc) and lake 
sediments of present day Flathead Lake (Qlkf).
0)0)k.O)
<D
73
<D
O)
C
re
oao
re
40
30
20
10
A
A
A
A
X
X
X
A
A
0
0°  
ist& 's#'*
♦ a Pinedale 
x  ■ Bull Lake 
•  Qgmai 
^ Qgm ao
Figure 1-20: Correlataion of alpine moraine slope-angles from different Rocky 
Mountain locations. Qgmai deposits in the study area have slope angles 
similar to Pinedale moraines from other location sin the Rocky Mountains. 
Qgmao moraines clearly correlate to the lower slope angles of older Bull Lake 
moraines.
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Information from groundwater wells (Appendix A) helped to extend the 
interpretation into the subsurface. Glacial sediments within the Mission Range 
commonly overlay bedrock (Plate 1-2). In the deeper parts of the Mission Valley 
the late Pleistocene and Holocene sediments overlay older sandy and silty 
deposits that we interpreted as lake deposits of an older lake (glacial Lake 
Missoula?). Below this layer of sand and silt water wells penetrate into a 
heterogenous mixture of gravel, sand and silt that we interpreted as diamicts 
(Plate 1-2, Appendix A). These diamicts might be similar to the ones outcropping 
along the Flathead River on the west side of the Mission Valley and thus 
representing deposits of glacial Lake Missoula (Levish, 1997).
As an alternative interpretation we would like to discuss the possibility of 
an older till of possibly Bull Lake age that was deposited as a ground moraine 
during an advance to a terminal position south of the study area. These deposits 
might correlate to the older sets of alpine moraines (Qmao) in the Mission Range 
(Figure 1-20). However, both of these interpretations are just based on the 
groundwater well data and are not groundtruthed by any surface outcrop of 
these older deposits. Most groundwater wells in the area never reached bedrock 
(Appendix A). Our simplified interpretation of depth to bedrock on cross section 
B-B' (Plate 1-2) is based on one deep well just west of the study area that never 
penetrated bedrock (Alden, 1953).
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Structural analyses of the Mission fault system have shown that the 
Mission fault was active a least once after the deposition of the late Pleistocene 
glacial sediments. The Mission fault clearly offsets Qgmfl deposits in the eastern 
part of the study area. Fault scarp analyses by Ostenaa et al. (1990, 1995) 
indicated that the last significant rupture occurred about 15,000 years ago in the 
study area, while in the southern Mission valley the last tectonic movement 
occurred about 7,700 years ago. A more detailed analysis of the neotectonic 
history from lake sediments can be found in chapter 3 of this study.
ACKNOWLEDGEMENTS
We greatly appreciate the assistance of Winfield Wilson, Matt Affolter, 
Tony Berthelote, and Donovan Power with field work, and discussions with 
Larry Smith, Don Winston and Michael Sperazza. Technical reviews by Montana 
Bureau of Mines and Geology are also appreciated. We are grateful to the 
Confederated Salish and Kootenai tribes and many landowners for providing 
land access to accomplish this study. We gratefully acknowledge financial 
support provided by USGS-EDMAP grant #02HQAG0096.
48
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
REFERENCES
Alden, W.C., 1953. Physiography and Glacial Geology of western Montana and 
adjacent areas. United States Geological Survey Professional Paper 231.
Atwater, B.F., 1984. Periodic floods from glacial Lake Missoula into the Sanpoil 
arm of glacial Lake Columbia, northeastern Washington. Geology 12, 
464-467.
Bennett, M.R., Huddart, D., Thomas, G.S.P., 2002. Facies architecture within a 
regional glaciolacustrine basin: Copper Rover, Alaska. Quaternary Science 
Reviews 21, 2237-2279.
Chambers, R.L., 1971. Sedimentation in glacial lake Missoula. MSc thesis, 
University of Montana.
Chambers, R.L., 1984. Sedimentary evidence for multiple glacial Lakes Missoula, 
in Montana Geological Society guidebook for the 1984 field conference, 
189-199.
Craig, R.G. 1987. Dynamics of a Missoula flood, In: Mayes, L., Nash, D., (eds.), 
Catastrophic Flooding: Allen and Unwin, Boston, pp. 305-332.
Davis, W.M., 1920. Features of glacial origin in Montana and Idaho. Annals of the 
Association of American Geographers, 75-148.
Elison, M.W., 1981. Relative dating of major moraines of the southeast Jocko 
valley: Northwest Geology 10, 20-31.
Haller, K.M., Dart, R.L., Machette, M.N., Stickney, M.C., 2000. Data for 
Quaternary faults in western Montana. USGS, United States Map of 
Quaternary Faults and Folds, 241 p.
Harrison, J.E., Griggs, A.B., Wells, J.D., 1986. Geologic and Structure maps of 
the Wallace l°x 2° quadrangle, Montana and Idaho. Montana Bureau of 
Mines and Geology, Montana Atlas Series MA 4-A.
Hofmann, M.H., Hendrix, M.S., 2003. Results of Geologic mapping of the 
Mission fault system and associated Geology, Northwest Montana. 
Geological Society of America Abstracts with Programs 35/5.
Johns, W.M., 1970. Geology and mineral deposits of Lincoln and Flathead 
Counties, Montana. Montana Bureau of Mines and Geology Bulletin 79,
182 p.
Knoll, K.M., 1977. Chronology of alpine glaciar standstills, east-central Lemhi 
range, Idaho. Special publication of the Idaho Museum of natural history, 
Pocatello.
Kogan, J., 1980. A seismic sub-bottom profiling study of recent sedimentation in 
Flathead Lake, Montana. MSc thesis, University of Montana.
49
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Krzyszkowski, D., 2002. Sedimentary successions in ice-marginal fans of the Late 
Saalian glaciation, southwestern Poland. Sedimentary Geology 149, 93- 
109.
Krzyszkowski, D., Zielinski, T., 2002. The Pleistocene end moraine fans: 
controls on their sedimentation and location: Sedimentary Geology 149, 
73-92.
Lageson, D.R., Stickney, M.C., 2000, Seismotectonics of Northwest Montana, 
USA, In: Schalla, R.A., Johnson, E.H., (eds.), Montana Geological 
Society 50th Anniversary Symposium, Montana/Alberta thrust Belt and 
adjacent foreland 1, pp. 109-126.
Leech, G.B., 1966. The Rocky Mountain trench, In: The world rift system, 
International Upper Mantle Committee Symposium. Canada Geological 
Survey Paper 66-14, 307-329.
La Fave, J.I., 2000. Potentiometric surface map of the deep aquifer, Kalispell 
Valley: Flathead County, Montana. Montana Bureau of Mines and 
Geology, Montana Ground-Water Assessment Atlas No.2, Part B, Map 2.
Levish, D.R., 1997. Late Pleistocene sedimentation in glacial Lake Missoula and 
revised glacial history of the Flathead lobe of the Cordilleran ice sheet, 
Mission Valley, Montana. PhD thesis, University of Colorado.
Levish, D.R., Klinger, R.E., Ostenaa, D.A., 1994. Proglacial sedimentation in 
Lake Missoula, Mission Valley, Montana: Geological Society of America 
Abstracts with program 26,126.
May, R.W., 1977. Facies model for sedimentation in the glaciolacustrine 
environment. Boreas 6, 175-180.
Miller, C.D., 1979. A statistical method for relative age dating of moraines in the 
Sawatch Range, Colorado. Geological Society of America Bulletin 90, 1153- 
1164.
Mudge, M.R., Earhart, R.L., Whipple, J.W., Harrison, J.E., 1982. Geologic and 
Structure map of the Choteau l°x 2° quadrangle, Western Montana. 
Montana Bureau of Mines and Geology, Montana Atlas Series MA 3-A.
Nobles, L.H., 1952. Glacial Geology of the Mission Valley, western Montana: 
unpublished PhD thesis, Harvard University.
Ostenaa, D.A., Manley, W., Gilbert, J., LaForge, R., Wood, C., Weisenberg, C.W., 
1990. Flathead Reservation regional seism otectonic study: an
evaluation for Dam safety. U.S. Bureau of Reclamation, Seismotectonic 
Report 90-8,161 p.
Ostenaa, D.A, Levish, D.R., Klinger, R.E., 1995. Mission fault study. U.S. 
Bureau of Reclamation, Seismotectonic Report 94-8, 111 p.
Pardee, J.T., 1910. The glacial Lake Missoula. Journal of Geology 18, 376-386.
50
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Pardee, J.T., 1942. Unusual currents in glacial Lake Missoula. Geological Society 
of America Bulletin 53,1569-1600.
Pardee, J.T., 1950. Late Cenozoic block faulting in western Montana. Geological 
Society of America Bulletin 61, 359-406.
Postma, G., 1986. Classification of sediment gravity-flow deposits based on flow 
conditions during sedimentation. Geology 14, 291-294.
Qamar, A.I., Stickney, M.C., 1983. Montana earthquakes, 1869 -1979, 
historical seismicity and earthquake hazard. Montana Bureau of Mines 
and Geology Memoir 51, 79 p.
Qamar, A.I., Kogan, J., Stickney, M.C., 1982. Tectonics and recent seismicity 
near Flathead lake, Montana: Bulletin of Seismological Society of America 
71,1591-1599.
Richmond, G.M., 1986. Tentative correlation of deposits of the Cordilleran ice 
sheet. Quaternary Science Review 5,129-144.
Richmond G.M, Fryxell, R., Neff, G.E., Weis, P.L., 1965. The Cordilleran ice sheet 
of the northern Rocky Mountains, and related Quaternary history of the 
Columbia Plateau, In: Wright, H.E., Frey, D.G., (eds.), The Quaternary of 
the United States, Princeton University Press, pp. 231-242.
Sears, J.W., 2001. Emplacement and Denudation history of the Lewis-Eldorado- 
Hoadley thrust slab in the Northern Montana Cordillera, USA: 
Implications for steady-state orogenic processes: American Journal of 
Science 301, 359-373.
Smith, L.N., 2004. Late Pleistocene stratigraphy and implications for deglaciation 
and subglacial processes of the Flathead lobe of the Cordilleran Ice Sheet, 
Flathead Valley, Montana, USA. Sedimentary Geology 165, 295-332.
Smith, L.N., 2001. Hydrogeologic Framework of the southern part of the Flathead 
lake Area, Flathead, Lake, Missoula, and Sanders Counties, Montana. 
Montana Bureau of Mines and Geology, Montana Ground-Water 
Assessment Atlas No.2, Part B, Map 10.
Smith, L.N., LaFave, J.I., Carstarphen, C., Mason, D., Richter, M., 2000. Data 
for water wells visited during the Flathead Lake Area Groundwater 
characterization study: Flathead, Lake, Sanders, and Missoula Counties. 
Montana Bureau of Mines and Geology, Montana Ground-Water 
A ssessm ent Atlas N o.2, Part B, M ap 1.
Smith, R.B., Sbar, M.L., 1974. Contemporary tectonics and seismicity of the 
western United States with emphasis on the Intermountain seismic belt: 
Geological Society of America Bulletin 85, 1205-1218.
Stickney, M.C., 1980. Seismicity and gravity studies of faulting in the Kalispell 
Valley, Northwest Montana. MSc thesis, University of Montana.
51
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Stickney, M.C., 1999. Characteristics of recent seismicity in southwest Montana 
and its relation to late Quaternary faults, In: SSA-99 94th annual meeting, 
meeting abstracts. Seismological Research Letters 70, 237.
Stickney, M.C., 2000. What's shakin' in Montana? Past earthquakes and future 
hazards. Geological Society of America Abstracts with program 32, 40.
Stoffel, K., 1980. Glacial Geology of the southern Flathead Valley, Lake County, 
Montana. MSc thesis, University of Montana.
Waitt, R.B., Jr., 1984. Periodic jokulhlaups from Pleistocene glacial Lake Missoula; 
new evidence from varved sediment in Northern Idaho and Washington: 
Quaternary Research 22, 46-85.
Waitt, R.B., Jr., 1985. Case of periodic, colossal jokulhlaups from Pleistocene 
glacial Lake Missoula. Geological Society of America Bulletin 96, 1271- 
1286.
Waitt, R.B., Atwater, B.F., 1989. Chapter 5: Stratigraphic and geomorphic 
evidence for dozens of last-glacial floods, In: Breckenridge, R.M. (ed.), 
Glacial Lake Missoula and the Channeled Scabland: Field Trip Guidebook 
T310: American Geophysical Union, Washington, pp. 37-50.
52
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 2
Late Pleistocene and Holocene depositional history of sediments in 
Flathead Lake, Montana; evidence from high-resolution seismic
reflection interpretation
M.H. Hofmann, M.S. Hendrix, J.N. Moore, and M. Sperazza
Department of Geology 
The University of Montana, Missoula, MT 59812
Hofmann. M.H., Hendrix, M.S.,Moore, J.N., Sperazza, M., 2005, Late Pleistocene 
and Holocene depositional history of sediments in Flathead Lake: 
evidence from high-resolution seismic reflection interpretation. 
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ABSTRACT
This paper presents an interpretation of 3.5 kHz reflection seismic data 
together with information from lower frequency seismic data and sediment cores 
from Flathead Lake in northwestern Montana. Flathead Lake is located at the 
margin of the Cordilleran Ice Sheet during the last glacial maximum and is the 
repository for about 160 m of syn- and post-glacial sediment. Six seismic 
stratigraphic units (A - F) are identified in Flathead Lake above the acoustic 
basement reflector. The deepest unit is interpreted to be late Pleistocene glacial 
till (unit A) overlain by well-layered glaciolacustrine sediments (unit B). 
Overlying seismic reflectors (unit C) include slump deposits, turbidites fed by 
meltwater surges associated with retreat of the Flathead glacial lobe, and 
homogeneous silty mud. Preliminary age models suggest that the transition from 
glacial rhythmites (unit B) to more homogenous lake sediments (unit C) occurred 
approximately between 14,500 and 13,180 cal yr BP.
Parallel high amplitude reflectors of the oldest Holocene unit (unit D) 
drape Pleistocene stratigraphy. Sediment core analyses suggest that these fine 
sedim ents w ere deposited  below  w ave base by suspension  settle out in a lake 
similar to today's. The Mt. Mazama tephra (7,630±80 cal yr BP) is interpreted as 
the top reflector of unit D. Onlap geometries between units D and E imply a
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significant drop in lake level before deposition of unit E. Sedimentation of unit E 
was confined to several sub-basins that were separated by bedrock highs. Lake 
level rose gradually during deposition of unit E to form the well-developed basal 
onlap geometry. Parallel high amplitude reflectors of the youngest Holocene 
sediments (unit F) drape all of the older stratigraphy and bedrock highs across 
the lake basin, suggesting a late Holocene lake highstand.
INTRODUCTION
Seismic reflection techniques have been used for several decades to 
understand glacial and postglacial sedimentation in deep glacial lakes and to 
document local records of deglaciation. Most studies have been conducted in the 
European Alps and the mid-continent of North America (e.g. Finckh et al., 1984; 
Todd and Lewis, 1993; Moore et al., 1994; Mullins et al., 1996; Van Rensbergen et 
al., 1998; Van Rensbergen et al., 1999; Eyles et al., 2003). Fewer such studies have 
been conducted in the western and northwestern part of North America (Eyles et 
al., 1990, 1991; Mullins et al., 1990, 1991; Eyles and Mullins, 1997; Eyles et al., 
2000) despite an abundance of glacial lakes.
The purpose of this paper is to discuss the late Pleistocene and Holocene 
syn- and post-glacial history of Flathead Lake in northwestern Montana.
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Flathead Lake is a large open lake located west of the continental divide. The 
lake is the repository for about 160 m of syn- and post-glacial sediment, on order 
with sediment thickness accumulations from other glacial lakes worldwide (e.g., 
Van Rensbergen et al. 1998, 1999; Eyles et al., 1991; Mullins and Hinchey, 1989). 
Pleistocene and Holocene sediments in Flathead Lake capture the detailed glacial 
and post-glacial history of the Flathead River drainage basin - a large basin 
(>18,000 km2) in northwestern Montana, Idaho and British Columbia. During the 
last glacial maximum Flathead Lake was located at the ice margin of the Flathead 
Lobe of the Cordilleran Ice Sheet (Fig. 2-la), placing it in an ideal position to 
capture a record of glacial dynamics prior to and during retreat of the Flathead 
lobe.
In this paper, we present results from analysis and interpretation of a set 
of 3.5 kHz high-resolution seismic reflection data acquired from Flathead Lake in 
the late 1970's (Kogan, 1980) but never previously published. These data have 
allowed us to define a detailed seismic stratigraphy for the upper parts of the 
lake infill, particularly for the upper 60 m of the sediment column. 
Complementing the higher resolution data from the 3.5 kHz source is a set of 
lower resolution but deeper penetrating lower frequency seismic reflection data, 
first interpreted by Wold (1982). These data helped us to define the thickness of 
the Quaternary infill and the depth to bedrock. To our knowledge, no other
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publicly-available seismic reflection data have been published from Flathead 
Lake.
Our interpretation of seismic reflection data for Flathead Lake was 
enhanced by recovery and description of nineteen piston cores and numerous 
gravity cores from the lake bottom. Although detailed core data is not presented 
in this paper, we give basic sedimentologic descriptions for cored intervals to 
refine our seismic facies interpretation.
GEOLOGIC SETTING
Flathead Lake (area of 496 km2, Fig. 2-1) is located in the southern 
Flathead Valley, an extensional half-graben with a seismically active west 
dipping normal fault (the Mission Fault) along its eastern side (Ostenaa et al., 
1995; Hofmann and Hendrix, 2004). Although sedimentation in Flathead Lake 
clearly has been influenced by tectonic activity associated with this fault system 
(chapter 3), the primary control on lake sedimentation was the lake's position 
adjacent to the Cordilleran ice margin during the most recent late Pleistocene 
glaciation (Fig. 2 -la; e.g. D avis, 1920; N obles, 1952; A lden, 1953; O stenaa et al. 
1995; Levish, 1997; Hofmann and Hendrix, 2003). This former ice marginal 
position is supported by the presence of a terminal moraine (named the Poison
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moraine) at the southern (downstream) end of the lake (Fig. 2-lb) and abundant 
evidence of ice contact sedimentation in the Flathead Valley north of Flathead 
Lake (Smith, 2004). Based on morphostratigraphic correlations and age control 
from other moraines (Smith, 1966; Elison, 1981), Hofmann and Hendrix (2003, 
2004) suggested an age between 15,000 and 20,000 cal yr BP for the Poison 
moraine, although the moraine has yet to be directly dated. South of the Poison 
moraine, the Mission Valley is filled by at least 200m of glacial outwash gravel 
and sediments from the older and much larger glacial Lake Missoula (Fig. 2-la; 
Pardee, 1910,1942; Alden, 1953; Levish, 1997; Hofmann and Hendrix, 2003, 2004).
Bedrock below Quaternary sediment infill of the Flathead and Mission 
Valleys consists of metasedimentary rocks of the Mesoproterozoic Belt 
Supergroup (Harrison et al. 1986; Smith, 2004; Hofmann and Hendrix, 2004). 
These rocks are widespread in the Flathead basin and account for most of the 
clast types observed in the Quaternary deposits. It is also possible that a 
preserved remnant of Tertiary strata exists within the Flathead Valley between 
Mesoproterozoic basement and the Quaternary sediments (Smith, 2004). 
However, our seismic data interpretations do not support the presence of 
Tertiary strata below the waters of Flathead Lake and analyses of water well logs 
also suggest a lack of Tertiary gravels just south of the lake (Hofmann and 
Hendrix, 2004).
58
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The modern bathymetry of Flathead Lake is dominated by a north-south 
trending trough up to 100m deep along the eastern side of the lake (Fig. 2-lb). 
This trough is likely controlled by movement on the Mission Fault though may 
also have been influenced by erosion associated with subglacial meltwater surges 
from the Flathead Lobe (Smith, 2004). The lake bottom shallows to the west to a 
broad bathymetric bench that has an average depth of about 60 m. Shallow 
embayments (15 m-25 m deep) characterize the western and southern parts of the 
lake. This overall bathymetric configuration appears to have existed for most of 
the post-glacial history and likely influenced the distribution of several of the 
seismic stratigraphic units discussed herein.
METHODS
In 1979, the University of Montana Department of Geology obtained over 
270 km of single channel, high-resolution seismic data from Flathead Lake (Fig. 
2-lb; Kogan, 1980), using an Edo-western HiPACT system operated at 3.5 kHz. 
The 3.5 kHz seismic reflection system operated with an acoustic pulse length of 
2.0 m illiseconds (ms) and a keying rate of 1,200 pu lses/m in . In the field, the 
records were burnt into electrosensitive paper by a revolving stylus, which 
produced traces of variable density proportional to the amplitude of the reflected
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signal. Because seismic reflection profiling techniques record acoustic impedance 
contrasts as a function of time, not depth, we transformed the time sections into 
depth sections by applying results of wide-angle reflection experiments in lake 
sediments, as described by Finckh et al. (1984) and Mullins et al. (1996). 
Assuming a velocity of 1.45 m/ms in water and 1.5 m/ms for the uppermost, 
unconsolidated sediments, the 3.5 kHz frequency provides useful reflections of 
the upper 60 m of Quaternary sediments with a vertical resolution of about 30 -50 
cm but does not image the entire sediment fill of the Flathead Lake basin.
Most of the seismic traverses are located in the western embayment (Big Arm 
Bay) of the lake and along a trough on the east side, respectively (Fig. 2-lb). 
Another set of lines was shot across the lake in east-west direction to provide 
cross-lake correlation. A few longitudinally oriented north-south profiles also 
were obtained. On short traverses of a mile or less, navigation was conducted by 
compass readings between landmarks located on topographic maps. Additional 
sextant sightings were taken on longer traverses across the lake.
To obtain information about the total thickness of the Quaternary infill 
and the depth to bedrock, we reinterpreted a second set of seismic data of lower 
frequency and lower resolution but greater penetration depth (Wold, 1982). 
Because Wold (1982) did not describe profiling techniques and settings, we
60
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
focused our interpretation on lines that were shot along traverses similar to those 
used during acquisition of the 3.5 kHz data set.
Additional information regarding sedimentation style associated with 
specific seismic facies was gathered from a set of piston cores that we recovered 
at key spots along our seismic grid (Hofmann et al., 2003). Individual cores range 
from 5 -  11.5 m in length. To recover the cores, we used a modified Kullenberg 
piston coring apparatus from the Limnological Research Center at the University 
of Minnesota, operated on a 20' x 20' barge with a hydraulic 2-ton winch and 
cable system. A detailed description of the cores and core locations can be found 
in Hofmann et al. (in prep.) and Sperazza (in prep.).
Figure 2-1 (next page): a) Map showing the southern portion of the Cordilleran Ice 
Sheet and glacial Lake Missoula (GLM) during the last glacial maxima. Modern 
Flathead Lake is located at the former terminus of the Flathead Lobe (FHL) of the 
Cordilleran Ice Sheet. The Purcell Trench Lobe (PTL) served as a natural dam for 
glacial Lake Missoula (modified from Waitt, 1985).
b) Flathead Lake is located between the Flathead Valley (FV) to the north and the 
Mission Valley (MV) to the south. Its eastern margin is bounded by the high relief 
Mission Range (MR), a range that was highly glaciated during the last glacial 
maximum. The Poison moraine (PM) to the south was the main dam for pro-glacial 
lake Flathead (discussion in text).
Flathead Lake's bathymetry is plotted in 20m contour intervals (gray shades) below 
present day lake level. Big Arm Bay (BAB), the shallow embayment to the west, has 
some smaller sub-basins but none of them exceed 35m water depth. The shallowest 
part of the lake is Poison Bay to the south with depths less than 6m.
The dashed lines are the locations of all 3.5 kHz seismic lines conducted during the 
survey in the late 1970's by Kogan (1980). Note the dense coverage in Big Arm Bay 
(BAB) and in the far eastern part of the lake. The seismic lines in Poison Bay and far 
north across the delta yielded no stratigraphically valuable acoustic reflections and 
are not discussed in this paper. Transects discussed in the text or presented in other 
figures are highlighted. WHI = Wild Horse Island; Cl = Cromwell Island; MI = Melita 
Island; BP = Black Point.
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DESCRIPTION AND INTERPRETATION OF
SEISMOSTRATIGRAPHIC UNITS
We identified six seismostratigraphic units (A-F) in the Flathead Lake 
basin (Fig. 2-2); with unit A the oldest and unit F the youngest. Some individual 
seismostratigraphic units were further subdivided in areas where obvious 
changes in sedimentary architecture or seismic reflection character warranted 
separate description.
Seismostratigraphic Unit A
D escription: Because it occurs at the greatest depth, seismostratigraphic unit A is 
only locally imaged on the 3.5 kHz data set and lower resolution data sets. Thus, 
the overall distribution of this unit within the lake is uncertain. Where imaged by 
the 3.5 kHz records, seismic unit A consists of low amplitude chaotic reflections 
or seismically transparent zones (Fig. 2-3). The lower resolution, higher 
penetration data set suggests that unit A is up to 24 meters thick in some of the 
deeper depressions in Big Arm Bay (Fig. 2-3). The lower contact was never 
penetrated by the 3.5 kHz survey and commonly is only poorly imaged in most 
of the lower frequency records; the upper contact with unit B is a hummocky 
surface.
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Figure 2-2: Display of seismic stratigraphic units described in this paper, along with 
corresponding sediments from core analysis. The composite section is compiled from 5 
different cores and displays the maximum thickness of each unit. Note the different scale 
on the composite section and the seismic profile.
64
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Interpretation: We interpret Facies A as glacially derived sediment (Finckh et al., 
1984), possibly till of either sub-glacial origin or as ice margin deposits of the 
retreating Flathead Lobe. The seismic character of the overlying (younger) units 
indicates that the glacier retreated out of the Flathead Lake basin after the 
deposition of seismic unit A. Unfortunately, we weren't able to recover unit A in 
any of our sediment cores.
Seismostratigraphic Unit B
In many parts of the lake, seismic unit B is the deepest unit imaged in our 
3.5 kHz data set. Where penetrated by the 3.5 kHz record or where lower 
frequency seismic records are available, unit B rests either on unit A or on 
acoustic basement (Fig. 2-3). Based on our observations of significant changes in 
seismic reflection character and sedimentary architecture, we have subdivided 
seismic facies B into two sub-units, described and interpreted below.
Seismostratigraphic Unit B1
D escription: Unit B1 is widespread across the Flathead Lake basin and typically 
occurs in association with unit B2. Unit B1 consists mainly of low amplitude 
parallel discontinuous reflections that grade vertically into and interfinger 
horizontally with the higher amplitude parallel reflections of unit B2 (Fig. 2-2).
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The transition from unit B1 to Unit B2 is gradual, suggesting a fairly steady 
change of depositional environment between these two units (Fig. 2-3). In our 
deepest penetrating core (core FL-03-26K) the unit consists of cm-scale upward- 
fining rhythmites that are dominantly composed of silt and clay but also contain 
abundant isolated pebbles and coarse sand grains, particularly at the base of 
individual rhythmites. The basal contact of each rhythmite is sharp and uneven. 
In terpreta tion : We interpret unit B1 as stratified sediment deposited in a pro­
glacial lake close to the margin of the Flathead Lobe. The low amplitude 
reflections and lack of internal structure imply that this unit consists mainly of 
relatively poorly sorted fine grained sediments resulting from suspension settle 
out (Finckh et al., 1984; Badley, 1985). We infer that the larger clasts are ice-rafted 
dropstones. Our overall interpretation of this unit is consistent with studies of 
sediments in Lake Zurich (Hsii et al., 1984), the Finger Lakes (Mullins et al., 
1996), and Lake Le Bourget, Switzerland (Van Rensbergen et al., 1999). These 
authors interpreted similar facies as reflecting glaciolacustrine sedimentation in a 
pro-glacial lake setting proximal to an ice margin. Seismic facies B1 appears to 
grade upsection into seismic facies B2. We interpret these gradational seismic 
facies relations, the upcore fining and the overall thinning of individual 
rhythmites to reflect a fairly continuous retreat of the glacial ice margin out of the 
Flathead Lake basin.
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Figure 2-3: Uninterpreted and interpreted 3.5 kHz profile (A) and low-frequency profile 
(B; see location on figure 2-lb). Both profiles follow the same traverse, providing the 
opportunity to extend our interpretation to the acoustic basement. Note that both A and 
B and figure caption continue on the next page. The lower frequency data set was most 
valuable for finding the depth to bedrock and distinguishing between seismic unit A and 
acoustic basement. Unit F drapes all of the older stratigraphy. Unit E onlaps unit D along 
its lower surface in several sub-basins but does not fill any of these sub-basins higher 
than 18 m below present day lake-level.
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Figure 2-3 cont.: Unit D is an older drape related to a previous relative lake highstand but 
was eroded in areas shallower than 18 m below present day lake level. We also were able 
to distinguish this package of Holocene units from the Pleistocene units (A-C) in the lower 
resolution data. Unit B represents a thick package of pro-glacial lake sediments, while the 
chaotic reflectors of unit A are interpreted to be glacial till. A fairly disrupted zone (X) in 
the southern sub-basin is interpreted to be due to stagnant ice collapse formerly trapped 
in unit A and water escape through unit B. Note same scale on both lines.
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Seismostratigraphic Unit B2
D escription: Like Unit Bl, unit B2 is widespread across the Flathead Lake basin. 
The thickness of unit B2 ranges from about 5 m (6 ms) to over 20 m (27 ms) in 
areas where the lower boundary is not imaged. In Big Arm Bay, unit B2 is 
confined to the deeper sub-basins between local structural highs (Fig. 2-3). Unit 
B2 is characterized by laterally continuous high-amplitude parallel reflections 
with a vertical spacing suggesting cm to dm scale bedding and significant 
relative vertical changes in seismic impedance (Fig. 2-2). Commonly packages of 
high amplitude reflections alternate with packages of seismically transparent or 
semitransparent, low amplitude, parallel discontinuous reflections. The latter 
reflections indicate low changes in acoustic impedance and petrophysical 
character (Fig. 2-4). Where not incised by units C2 or C3 or scoured by unit C4, 
the upper contact of Unit B2 is planar and conformably overlain by unit Cl.
Where recovered in our cores, seismic facies B2 consists of rhythmic, 
weakly upward-fining cm-scale beds of silt and clay with a sharp base. The 
thickness of individual rhythmites in this facies thins upcore from 8 cm thick at 
the base to <lcm thick at the top of the unit (Fig. 2-2).
Interpretation: The seismic reflections of unit B2 are typical for rhythmically- 
bedded, glaciolacustrine silt and clay deposited by suspension settle-out during 
seasonal or pseudo-seasonal changes in sediment flux (Ashley, 1975; Eyles and
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Eyles, 1992; Eyles and Mullins, 1997; Van Rensbergen et al., 1999). We interpret 
the typically sharp base of each bed as the onset of spring run-off, and the 
associated increase in delivery of relatively coarse sediment to the sediment- 
water interface. As the magnitude of run-off decreased, the sedimentation flux 
also decreased, resulting in deposition of a fine-grained sediment drape at the 
top of each rhythmite.
Seismostratigraphic Unit C
Unit C is a suite of several different seismic reflections, including 
semitransparent, low amplitude continuous reflections (Cl); acoustic low 
amplitude chaotic reflections (C2, C4); and an assemblage of transparent to 
semitransparent reflections, broken parallel high amplitude reflections, and 
chaotic reflections (C3). These seismically distinct packages appear to be time 
conformable across the lake basin, interfinger laterally, and are all draped by the 
next younger seismostratigraphic unit D.
Seismostratigraphic Unit Cl
D escription: Unit C l is present throughout the lake basin and is absent only in 
the shallow parts of Big Arm Bay and Poison Bay where it is truncated by unit F. 
The thickness of unit C l in Big Arm Bay ranges between 0 and ~3 m (2 ms). In the
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deeper parts of the lake (Skidoo Bay) unit C l is consistently about 2 m (1.5 ms) 
thick. Unit C l consists mainly of semitransparent, continuous low amplitude 
reflections. However, several high amplitude reflections occur within this unit as 
a result of significant seismic impedance changes (Fig. 2-2). The closely spaced 
reflections suggest decimeter scale bedding.
Core analysis of the basal part of facies C l reveals a striking sequence of 
anomalously coarse-grained beds of silt and very fine sand interstratified with 
relatively homogenous clay-rich mud. The coarsest recovered sediment has a 
median grain size of ~50 pm. Individual beds of silt or very fine-grained sand are 
characterized by a sharp base and distinct upward-fining.
Interpretation: We interpret the primarily low amplitude semitransparent parallel 
reflections of unit C l as poorly stratified, homogenous mud, deposited mainly by 
suspension settle out of fine sediments. Low amplitude and low acoustic 
impedance contrast are typical for clays and silts settled from suspension (e.g. 
Badley, 1985) and are common in lake basins (e.g. Eyles et al., 2003). The coarse­
grained upward-fining sediment packages likely reflect pulses of sediment 
delivered to the lake during deglaciation of the Flathead Lake basin. In addition 
to the beds of coarse silt and very fine-grained sand, we interpret one high 
amplitude reflector in the lower part of the unit as being the Glacier Peak tephra 
(13,180±120 cal yr BP).
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In Big Arm Bay, basal reflections in unit C clearly onlap the contact 
between unit C and underlying units (Fig. 2-3). We interpret this geometry as 
reflecting lake level lowering after deposition of pre-C stratigraphy, followed by 
a rise in lake level during deposition of unit C. The occurrence of the Glacier 
Peak tephra within the lower part of the unit and several 14C dates we have 
obtained on wood and charcoal from the upper parts of unit C l confirm a 
depositional age between -14,000 and -10,000 cal yr BP (Sperazza, in prep.).
Unit C l is disrupted by several structures in Big Arm Bay and other 
shallow parts of the lake (labeled "X" in Fig. 2-4). These structures appear to 
directly involve strata from the lower part of seismic unit B1 and more 
commonly unit A. We suggest that they are analogous to "meltout structures" 
described by Mullins et al. (1996) in the New York Finger Lakes or "dead ice 
sinks" found by Fleisher (1986) in glacial deposits in New York State. Both 
structures describe the collapse of sediment due to melting of ice trapped in the 
sediment. Eyles et al. (2003) described similar structures in Mazinaw Lake, 
Ontario and interpreted them to represent kettle holes.
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Figure 2-4: Uninterpreted and interpreted seismic profile from the central part of the lake 
(see location on figure 2-lb). Note that the east side of A continues onto the west side of 
B, and that the vertical scale is adjusted and partly truncated to fit both the uninterpreted 
and interpreted seismic profiles. The western part of the lake is filled by Holocene lake 
sediments (units D-F) and late Pleistocene pro-glacial lake deposits (unit B and C). 
Transparent reflectors in unit B are interpreted as distal turbidites. A zone of disruption  
in the center of the basin (C4) is linked to a turbidity current that was derived further to 
the south and flowed towards the north along the eastern margin of Wild Horse Island. 
Disruptions in the center part of the lake (X) show a kettle-hole like morphology and 
likely are related to meltout ice. The deep trough to the east is filled by chaotic reflectors 
of unit C2 and draped by younger stratigraphy. Most of the eastern slope however is 
interpreted to be bedrock with little to no sediment cover.
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Seismostratigraphic Unit C2
D escription: Unit C2 is confined to the axis of the deep trough in the eastern part 
of the lake and a less well defined smaller area in the westernmost part of Big 
Arm Bay (Fig. 2-5a). In the northern part of the eastern bathymetric depression, 
unit C2 appears to fill several smaller channel-like features by onlapping an 
underlying sediment drape consisting of unit B (Fig. 2-6). Further south in the 
eastern bathymetric depression, unit C2 fills a large channel-like feature that is 
incised into underlying units (Fig. 2-7). It appears that the smaller channel-like 
features shown on Figure 2-6 merge down depositional dip into the single, larger 
channel-like feature shown on Figure 2-7. Unfortunately we weren't able to 
directly estimate the maximum thickness of unit C2, because its lower contact 
was never imaged in our 3.5 kHz seismic records and we w eren't able to clearly 
distinguish between trough infill and underlying reflectors (acoustic basement) 
in the lower resolution seismic records (Fig. 2-7). Unit C2 is an assemblage of low 
amplitude, chaotic reflections that underlie unit D and laterally truncate unit Cl 
and other older units (Fig. 2-7). We did not recover unit C2 in any of our 
sediment cores.
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Figure 2-5 (previous page): Distribution of units C2-C4 (A-C), and thickness of 
seismic unit E (D) and D-F (E). Shaded contour intervals on maps a-c are the present 
day bathymetry in meters. Patterns on maps d and e represent the thickness of the 
displayed unit.
a) Dots show locations where unit C2 was mapped in the deep trough to the east and 
in the westernmost part of the lake. Arrows mark possible flow directions of axial 
turbidity currents that entered the lake from the north and transported sediments of 
this unit. In the western part we suggest that C2 are distal deposits related to a delta 
that Smith (1966) and Hendrix et al. (2004) mapped just north of the present day 
shoreline (arrow).
b) Dots mark the locations where we mapped unit C4 that we interpreted as slump 
deposits. Note that the distribution of these chaotic reflectors is almost exclusively 
confined along the toe of steep slopes.
c) Unit C3 was mapped along a north south trending zone in the western part of the 
lake (dots). We suggest this represents the strand of a fault (see Fig. 3-8).
d) Thickness of seismostratigraphic unit E in Big Arm Bay. Unit E is the infill of 
several sub-basins in this area. It does not occur in areas between these sub-basins, 
suggesting sedimentation during a much lower lake level than present. The thickness 
varies from dm-scale along the margins of the sub-basins to about 5m in their centers. 
Numbers on contour lines are thickness in meters.
e) Map showing the thickness of units D-F. The thickness is greatest in the deep 
trough along the eastern part of the lake. Other great sediment accumulations 
occurred in the sub-basins of Big Arm Bay and just east of Wild Horse Island (WHI). 
Shaded areas have limited or no useable data available. Numbers on contour lines are 
in meters.
Figure 2-6 (next page): Uninterpreted (A) and interpreted (B) seismic line from the 
northern part of the bathymetric trough (for location see figure 2-lb). Holocene units 
D-F are difficult to distinguish from each other because of their similar acoustic 
character resulting from more uniform sedimentation in this deep water setting. Unit 
C2 infills several smaller lake bottom channels.
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Figure 2-7 (previous page): Uninterpreted (A) and interpreted (B) 3.5 kHz line and 
lower resolution profile (C and D) from the southern part of the bathymetric trough 
(for location see figure 2-lb). The deepest part of the trough is filled by unit C2 and 
draped by Holocene stratigraphy (units D-F). At the toe of the bedrock slope to the 
west, reflections of unit C4 represent slumping activity before the deposition of unit D. 
Reflections of unit B are mostly undisturbed but are truncated by normal faults close to 
the deepest part of the trough. Smaller depression along the margins of the trough are 
interpreted as traces of older faults that offset older stratigraphy. The acoustic 
basement was never penetrated by either of the seismic data sets. Note the different 
scale on the two different data sets.
Interpretation: We suggest that unit C2 represents channelized turbidite deposits. 
This interpretation is consistent with descriptions of similar low amplitude 
acoustic reflectors in glaciomarine and lake settings (e.g. Stoker, 1997; 
Whittington and Niessen, 1997; Van Rensbergen et al., 1998). Upon entering the 
lake, these bottom-seeking currents likely were captured by the deep lake axis 
(Fig. 2-5a). We suggest that unit C2 was deposited at ~ 10,000 cal yr BP, because it 
is unconformable draped by unit D.
We interpret similar reflectors in the western most part of Big Arm Bay to 
be bottom flows or distal fan deltas most likely related to several ancient Gilbert- 
style deltas exposed onshore north of the Big Arm Embayment (Fig. 2-5a). These 
deltas occur at 1020 m elevation, well above the present surface level of Flathead 
Lake (883m) and were first described by Smith (1966, 1977). We suggest that 
these deltas delivered sediment directly into an ancestral Flathead Lake at a time
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when lake level was higher than it is today. Our tentative correlation of these 
deltas and seismic facies C2 in Big Arm Bay suggests that glacial ice had fully 
retreated from this area by the deposition of unit C2, similar to other studies that 
suggest that the glaciers already pulled back into valleys or to cirques during this 
time (Carrara, 1986; Clague and James, 2002; Smith, 2004).
Seismostratigraphic Unit C3
D escription: Unit C3 occurs in an approximately 1 km wide NW-SE striking zone 
in the western part of Big Arm Bay, west of Cromwell and Melita Island (Fig. 2- 
lb, 2-5c). This unit includes zones of low amplitude chaotic reflections, zones of 
discontinuous high amplitude parallel reflections and seismically transparent 
zones. As seen in figure 2-8, unit C3 is bounded by faults and contains 
considerable evidence of internal structural disruption. Packages of intact 
parallel discontinuous high amplitude reflections occur within chaotic zones and 
zones of non-reflection. We likely recovered sediments of the upper part of unit 
C3 in one of our sediment cores. The recovered sediments are stratified beds of 
silt and very fine sand that we correlate to one of the packages of intact 
discontinuous high amplitude reflectors.
Interpretation: We infer that unit C3 represents zones of partial sediment 
liquefaction within Big Arm Bay. The semi-transparent and transparent zones are
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zones of low impedance contrast within the area of liquefaction, most likely gas 
rich zones or zones with little preserved internal stratification (Badley, 1985). The 
more intact internal packages likely are fault-bounded blocks of older 
stratigraphy that were compacted enough to resist total disruption during the 
deformation process.
Earthquake epicenters in Big Arm Bay define a north-south trending 
swath that likely is related to a fault zone in this part of the Flathead Lake basin 
(Stickney et al., 2000). We infer that offset along this fault zone caused the 
disruption observed in seismic facies C3.
Seismostratigraphic Unit C4
D escription: Unit C4 is typically confined to the toe of steep slopes along the 
margins of Flathead lake and deep sub-basins (Fig. 2-5b, 2-7). Unit C4 also occurs 
in a zone along the eastern margin of Big Arm Bay that extends from Black Point 
northward, pinching out towards the northern end of Wild Horse Island (Fig. 2- 
lb, 2-4, 2-5b). Where imaged, unit C4 occurs as a series of low amplitude, 
relatively low impedance, chaotic reflections that locally truncate unit C l. The 
lower contact of unit C4 typically is a slightly scoured and hummocky surface 
above the parallel high amplitude reflections of unit B. As with all C units, the 
well defined upper bounding surface is marked by the first high amplitude
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reflector of unit D (Fig. 2-9). Unit C4 never exceeds 4 m (5 ms) in thickness. 
Unfortunately, we did not recover sediments of this seismostratigraphic unit in 
any of our sediment cores.
depth TWT
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45
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36
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44
35-
48
-5240- C3
11
45-
500 m
Fig. 2-8 : Close-up of unit C3 along a seismic profile in the western part of Big Arm 
Bay (see figure 2-lb for location). Note the steep faults bounding this assemblage 
of disrupted reflectors. Disruption occurred right before the sedimentation of 
Unit D because this latter unit drapes all the disturbed reflectors.
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Interpretation: Considering the spatial distribution of facies C4, we interpret this 
unit to be slump deposits of formerly unconsolidated sediments of unit C l. Stein 
and Syvitski (1997) described similar acoustic reflections from the east Greenland 
slope as debris flow deposits, and Adams et al. (2001) described similar examples 
of slope toe slump deposits from Lake Uri, Switzerland.
The thick succession of seismostratigraphic unit C4 along the east side of 
Wild Horse Island might reflect extended slumping or turbidite development 
that evolved downslope of the southern margin of Big Arm Bay. We suggest that 
due to northward thinning of this package the initial source of the 
slump/turbidite was near Black Point (Fig. 2-1B).
Seismostratigraphic Unit D
D escrip tion : Unit D occurs throughout most of the lake as an approximately 1.5 m 
(2 ms) thick drape on the underlying hummocky topography of unit C (Fig. 2-9). 
Unit D is characterized by a sequence of very high amplitude, parallel reflections, 
with considerable internal acoustic impedance contrast (Fig. 2-2). The lower 
bounding surface of unit D is usually well defined and is located immediately 
above the first semitransparent reflection of unit C l or the chaotic reflections of 
units C2-C4. The contact between unit D and overlying unit E is commonly 
angular in shallower parts of the lake. In the shallowest parts of Big Arm Bay
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high amplitude reflections of unit D are erosionally truncated and directly 
overlain by unit F. In the deeper parts of the lake, however, the upper contact is 
defined as the surface between the uppermost high amplitude parallel reflectors 
of unit D and semitransparent low amplitude reflectors of unit E (Fig. 2-7). 
Analyses of our sediment cores indicate that unit D reflects a sediment package 
of silt and clay (average grain size ~3 pm; clay content > 30%) with abundant 
black sulfide(?) banding capped by the Mt. Mazama tephra (7,630±80 cal yr BP). 
In terpreta tion : We interpret the parallel high amplitude reflections as resulting 
from the relatively well developed stratification that we observe in our sediment 
cores. Comparison of our seismic data set to our sediment cores also indicates 
that the upperm ost high amplitude reflector likely is the Mt. Mazama tephra 
(7,630±80 cal yr BP). We infer that during deposition of seismic unit D the lake 
level rose to an elevation similar to that of the modern Flathead Lake. Shortly 
after, the lake level dropped significantly as represented by the locally angular 
contact between seismostratigraphic units D and E.
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Figure 2-9: Uninterpreted (A) and interpreted (B) seismic profile south of Wild Horse 
Island (for location see figure 2-lb). The contact between unit A and B is disrupted by 
several meltout/dewatering structures (X). A big zone of chaotic reflectors (C4) in the 
northern part is interpreted as slump deposits. The bottom of unit A is not clearly 
defined and the acoustic basement not visible in many areas along this line.
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Seismostratigraphic Unit E
D escription: Unit E occurs in the deeper parts of Flathead Lake as well as in small, 
deeper sub-basins in the Big Arm Bay that are at least 18m below the present lake 
level (Fig. 2-5d). Thickness of unit E changes from below seismic resolution close 
to the margin of these basins to 5 m (7 ms) in their center. In the central parts of 
the lake, the average thickness of facies E is quite uniform at about ~4 m (6 ms). 
Unit E is characterized by semitransparent, low amplitude, parallel reflections 
indicating only minor internal impedance changes (Fig. 2-2), although higher 
amplitude reflections occur in the central parts of the lake.
In the sub-basins of Big Arm Bay, the basal contact of unit E onlaps at a 
fairly high angle the upper surface of the underlying high amplitude reflections 
of unit D. The high amplitude character of this contact in shallow parts of the 
lake suggests a significant change in acoustic impedance at the unconformity 
between these two packages. In deeper parts of the lake, unit D grades up section 
into unit E with no angularity and the contact is not marked by a significant high 
amplitude reflection (Fig. 2-6).
Analyses of our sediment cores indicate that unit E consists of a weakly 
stratified to massive package of clay (average grain size ~2 pm) (Fig. 2-2). This 
sediment composition is fairly consistent through all of our sediment cores across 
the lake.
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Interpretation: We interpret the semitransparent low amplitude reflections within 
this unit as weakly stratified silt and clay. Available 14C chronology suggests that 
this unit was deposited between -7,800 cal yr BP and 1,600 cal yr BP (Hofmann et 
al., 2003). The relatively homogenous character of both the cored sediments and 
the seismic records for unit E indicates a rather tranquil depositional 
environment below wave base in a lake setting that we infer to be quite similar to 
the modern lake environment.
An important characteristic of unit E is that its lower contact is marked by 
a major erosional unconformity in the shallow parts of the lake, indicating a 
significant lake level lowstand at this time (Fig. 2-3). In deeper parts of the lake 
units E and D are much more difficult to distinguish and are locally 
undistinguishable (Fig. 2-6), because these areas were deeper than the critical 
water depth needed to register lake-level changes.
Seismostratigraphic Unit F
D escription: Unit F is the youngest seismostratigraphic unit in the lake basin and 
consists of a thin layer (0.3 ms; -50 cm) of high amplitude parallel reflections that 
blankets older units across the lake (Figs. 2-2 and 2-4). Its lower contact is well 
defined as the base of several high amplitude reflections that collectively overly 
semitransparent reflections of seismostratigraphic unit E (Fig. 2-4).
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Sediment of this unit generally consists of fine silt with a median grain 
size that decreases with increasing distance from the Flathead River delta (Moore 
et al., 1982). At the latitude of Big Arm Bay, where this facies is well expressed on 
our seismic data set, unit F consists of mm-scale laminated mud with abundant 
black sulfide banding.
In terpreta tion : The high amplitude parallel seismic reflections of unit F, its 
position immediately below the sediment water interface, and results from 
sediment core analysis suggest that unit F is a drape of unconsolidated, water 
saturated, fine grained lake bottom clay and silt. This interpretation is 
comparable to that of other lacustrine settings where similar stratified reflections 
are usually interpreted as a blanket-like late lake stage m ud drape resulting from 
uniform suspension sedimentation below wave base (e.g. Finckh et al., 1984; 
Stoker et al., 1997; Van Rensbergen et al., 1999). Although we have been unable 
to directly date the age of unit F, sedimentation rate calculations in our sediment 
cores suggest that this uppermost seismic unit was deposited within the last 
~1,600 years. These Holocene sedimentation rates are estimated by extrapolations 
of sedimentation rates derived from 14C dates and volcanic tephras in older parts 
of our core records upward to unit F (Sperazza, in prep.).
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DEVELOPMENT OF FLATHEAD LAKE BASIN
Late Pleistocene lake history
The oldest sediments in the Flathead Lake basin, overlying acoustic 
basement reflectors, are glacial tills of unit A (Fig. 2-3, 2-10). They are most likely 
related to the last glacial advance of the Flathead Lobe of the Cordilleran Ice 
Sheet. Unfortunately, we cannot provide a good age constraint on this advance, 
because tills that crop out around the lake and are of likely similar age have not 
been successfully dated. However, our core analysis suggests that the rhythmites 
of seismostratigraphic unit B are glacial varves. Based on 14C age constraints for 
the top of unit B2 and varve counts (Hofmann et al., in prep.), we suggest that 
unit B was deposited between about 15,000 cal yr BP and 14,150±150 cal yr BP 
(Hofmann et al., in prep.). Thus the deposition of unit A occurred prior to about 
15,000 cal yr BP.
By the beginning of deposition of unit C, the lake setting had changed and 
sedimentation occurred mainly through suspension settle out. The main 
exception to this mode of sedimentation is a series of higher amplitude 
reflections that correspond to coarse-grained turbidites related to meltwater 
surges from the retreating glacial lobe. Poorly defined onlap geometry between 
units C and B also suggests that the lake level may have been somewhat lower 
during the deposition of unit C (Fig. 2-10).
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Importantly, in many different parts of the lake, seismic unit C and locally 
older units are laterally truncated by packages of chaotic reflections of units C2- 
C4 (Fig. 2-7, 2-8, 2-9), that in turn are draped by seismic stratigraphic unit D. 
Hence, within the relative age constrains, these units appear to be time- 
equivalent and may be genetically related (Fig. 2-10). We infer that the km-scale 
zone of chaotic reflections corresponding to unit C3 represents seismically- 
induced sediment liquifaction. We propose that deposition of unit C4 resulted 
from failure of oversteepened slopes along the margins of Flathead Lake 
triggered by the seismic event(s) reflected in unit C3. It is also plausible that this 
or these seismic event(s) may have triggered the turbidite flow that caused the 
deposition of seismic stratigraphic unit C2.
Holocene lake history
The Holocene sedimentation history of Flathead Lake was influenced by 
several lake level fluctuations of different scales. Sediment thicknesses for the 
Holocene (units D -  F) vary widely, ranging from less than lm  in several parts of 
Big Arm Bay to more than 8m in the central part of the lake and some sub-basins 
of Big Arm Bay (Fig. 2-5e). The drape-like geometry of units F and D suggest 
deposition of very fine-grained sediments by slow suspension settle out (Eyles et 
al., 2000). Although unit E does not display this drape like geometry, its acoustic
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character and internal sedimentology also suggest deposition of fine-grained 
suspended sediments. Based on several 14C dates from sediment cores Hofmann 
et al. (2003) estimated a fairly constant average sedimentation rate between 0.4 
and 0.6 mm/year for most of the central part of the basin. However, in some 
shallower parts of the lake, these rates are close to 0 mm/year or even negative 
(i.e., erosional).
Based on the geometry and internal reflection characteristics of unit D we 
suggest that it represents deposition during a relative higher lake level that pre­
dates the deposition of the Mt. Mazama tephra.
The most significant drop in lake level occurred during the early 
Holocene, immediately following deposition of the Mt. Mazama tephra at about 
7,630±80 cal yr BP. During this time, the lake level dropped to about 18 m below 
the present day elevation (Fig. 2-10). Sedimentation only occurred in the deeper 
parts of the lake and smaller sub-basins in Big Arm Bay. As a result, deposits of 
unit E are missing in the shallower parts of the lake basin where erosion took 
place during this time (e.g. Fig. 2-10).
Following this period of decreased lake volume, the lake level rose to its present 
elevation within the last 7,000 years and stabilized at approximately this level 
beginning about 1,600 cal yr BP, corresponding onset of the deposition of unit F 
(Fig. 2-10).
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Figure 2-10: Summary of the lake level and depositional history of Flathead Lake. Lake 
level curve and maps showing the extent of Flathead Lake during important Pleistocene 
and Holocene stages. The table below shows observations and interpretations of the 
seismic facies from different parts of the lake (by name: Big Arm Bay, Central Lake, and 
Eastern trough). For further explanation see text.
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CONCLUSION
We interpreted a series of 3.5 kHz reflection seismic data, together with 
information from lower frequency seismic data and sediment cores, to 
characterize the sediment infill of Flathead Lake in northwestern Montana. In 
general, the depositional history of Flathead Lake is typical for a lake basin 
recording the transition from glacial to postglacial conditions. Thick late-glacial 
glaciolacustrine sediments are overlain by a thinner package of fine-grained 
Holocene deposits (Glenn and Kelts, 1991; Eyles et al., 2000). The infill is 
dominated by a thick succession of glacial till (unit A) and glaciolacustrine 
sediments (unit B) both immediately related to glacial activity in the lake basin. 
The youngest Pleistocene sediments (unit C) were deposited further from the ice- 
margin. In our study, we have subdivided unit C into four sub-units, based 
mainly on significant differences in stratal architecture. Unit C l appear to reflect 
mainly deposition of sediments in a tranquil lake environment. We interpret a 
few higher amplitude reflections in this facies to be anomalously coarse turbidite 
sequences deposited rapidly during the final stages of deglaciation. Chaotic 
reflections o f unit C2 are interpreted to be gravity flow s or distal deposits of 
Gilbert style deltas. Unit C3 is a km-scale zone of disrupted sediment that we 
interpret to reflect sediment liquefaction due to seismic activity. Unit C4
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represents a series of time-equivalent slump deposits all associated with steep 
lake margin environments. We infer that slump emplacement as well as the 
gravity flows (unit C2) may have been triggered by seismic activity.
Unit D, the oldest Holocene sediments in the lake, drapes all of the older 
Pleistocene stratigraphy and was deposited below wave base by suspension 
settle out in a lake environment similar to today's setting. During deposition of 
Unit E, sedimentation in the lake-basin was influenced by several sub-basins 
which were separated by bedrock highs. Holocene stratal geometries in these 
sub-basins strongly suggest that deposition was influenced by significant 
changes in lake level. We suggest that the lake level lowered rapidly following 
deposition of unit D and then rose gradually during deposition of unit E to form 
the well-developed basal onlap geometries observed in our seismic data set. The 
youngest Holocene sediments (unit F) drape all of the older stratigraphy and 
bedrock highs across the lake basin.
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CHAPTER 3
Neotectonic evolution and fault geometry change along a major 
extensional fault system in the Mission and Flathead Valleys. NW- 
Montana
M.H. Hofmann, M.S. Hendrix, M. Sperazza, and J.N. Moore
Department of Geology 
The University of Montana, Missoula, MT 59812
Hofmann. M.H., Hendrix, M.S., Sperazza, M., Moore, J.N., 2005, Neotectonic 
evolution and fault geometry change along a major extensional fault 
system in the Mission and Flathead Valleys, NW-Montana. Journal of 
Structural Geology, in review.
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ABSTRACT
Analysis of 3.5 kHz high resolution seismic data from Flathead Lake, 
combined with results from onshore geologic mapping and literature review 
from previous studies in the area, reveals a significant change of fault geometry 
and seismic activity along strike of the Mission fault system in the Mission and 
Flathead Valleys in northwestern Montana. The Mission fault system is 
composed of faults with normal sense of motion and faults with minor oblique- 
slip and strike-slip motion. It evolves from a single fault strand in the Mission 
Valley south of Flathead Lake into a multiple fault strand fault system in the 
Flathead Lake Basin and north of the lake. Fault activity decreases to the north as 
suggested by northward decreasing fault scarp heights in the lake basin. North 
of the lake the Mission fault system is truncated by oblique strike-slip faults and 
the extensional stress is accompanied by the Swan Fault, another major normal 
fault north and east of the study area. We observed five phases of increased 
tectonic activity in the lake basin during the last 15,000 years. Phase B, the oldest 
phase, active between 15,000 and 13,000 cal yr BP, caused most of the offset along 
the M ission Fault and the K alispell -  Finley Point Fault and resulted in fault 
scarps with up to 14m of relief. We calculated average displacement rates as high 
as lm m /yr for this oldest phase. Phases C-F represent smaller tectonic events in
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the lake basin during the last 10,000 cal yr BP. Offset of seismic reflectors during 
these younger events is generally of dm-scale and results in low average 
displacement rates.
INTRODUCTION
Over the past few decades, the northern Basin and Range Province has 
emerged as an excellent natural laboratory to understand upper crustal 
deformational kinematics in a continental interior tectonic setting in part because 
of the wide variety of deformational environments that occur there. These 
include fundamental structural lineaments such as the Lewis and Clark 
Lineament (e.g Sears and Hendrix, 2004), metamorphic core complexes (e.g. 
O'Neill et al., 2004), and a variety of presumably shallower but seismically active 
extensional structures (e.g. Haller et al., 2000; Stickney et al., 2000; Hebgen fault 
and Red Canyon Fault; Fig. 3-1).
To this date, most neotectonic studies in the northern Basin and Range 
have been conducted in the southern part of this structural province, close to the 
epicenters of recently recorded major earthquakes such as those at Hebgen Lake, 
Montana in 1959 and Borah Peak, Idaho in 1983 (Stickney and Bartholomew, 
1987; Stickney, 1999; Haller et al., 2000; Pierce et al., 2000, Schwartz et al., 2000).
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Although geologic evidence for major prehistoric earthquakes exists in the 
northern Basin and Range province (Ostenaa et al., 1995) and this area is located 
well within the intermountain seismic belt (Fig. 3-1A), relatively few neotectonic 
studies have been conducted there. Existing published neotectonic studies north 
of the Lewis and Clark Lineament in the Mission and Flathead Valleys of 
northwestern Montana have focused on land-based expressions of faults and 
their associated sediments (Stickney, 1980; Qamar et al., 1982; Harrison et al., 
1986; Ostenaa et al., 1990, 1995; Lageson and Stickney, 2000). To date, no 
published studies have used shallow seismic reflection data to interpret the 
neotectonic history in this area.
Located north of the Lewis and Clark Lineament in northwestern 
Montana is Flathead Lake (Fig. 3-1B), a large, open lake basin with a surface area 
of approximately 496 km2. Flathead Lake provides an excellent opportunity to 
document the detailed geometry of Late Pleistocene and Holocene neotectonic 
features in this region because the lake is bounded on its eastern side by the 
Mission Fault, a major seismically active down to the west normal fault. The lake 
contains about 160m of quasi-continuous syn- and post-glacial deposits that 
appear to have captured the late Pleistocene and Holocene geologic and tectonic 
history of the region in great detail.
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Figure 3-1: A: Generalized map of the western United States tectonic stress field and the 
location of relevant seismically active zones. Outward pointing arrows characterize areas 
of extensional stress; inward pointing arrows are given for areas with compressional 
tectonism. Stress provinces are separated by thick lines. ISB= Intermountain Seismic Belt; 
CTB= Centennial Tectonic Belt; CC= Cascade convergent province; PNW= Pacific 
Northwest; CE= Cordillera Extension; SA= San Andreas province; CP= Colorado Plateau 
Interior; MP= Mid-Plate. (Stress field adapted from Zoback and Zoback 1989) B: Map 
showing important regional structural features in proximity to the study area. C: Map of 
the study area indicating areas of previous studies discussed in this paper (1= Stickney, 
1980; 2= LaPoint, 1971 and Harrison et al., 1986; 3= Hofmann and Hendrix, 2004a; 4= 
Ostenaa et al., 1995; 5= Hofmann and Hendrix, 2004b). Bedrock outcrops are shaded in 
gray; white areas are areas filled with Quaternary sediments. Different shades of gray in 
the Flathead Lake basin represent the lake bathymetry with black being deeper than 
100m and white being less than 10m deep. Also marked on this map is the trace of the 
Mission fault south of the lake. BAB= Big Arm Bay; SB= Skidoo Bay; WB= Woods Bay; 
WH= Wild Horse Island.
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In this paper, we combine results from onshore geologic mapping we have 
conducted with analysis of offshore high-resolution seismic reflection data from 
Flathead Lake to outline the neotectonic history of this region as has been done 
using these analytic techniques elsewhere (Siegenthaler et al., 1987; Barnes and 
Audru, 1999; Colman et al., 2002; Ku§£u et al., 2002; Schnellmann et al., 2002; Pe- 
Piper et al., 2005). In addition, we use results from limited previous work in the 
area that focused mainly on movements along major faults around Flathead Lake 
and the locations of earthquakes along these faults (Smith and Sbar, 1974; 
Stickney, 1980; Qamar et al., 1982; Ostenaa et al., 1990; Stickney, 1999; Haller et 
al., 2000; Lageson and Stickney, 2000; Stickney et al., 2000).
Understanding the neotectonic history of the Mission Fault system and 
discerning whether it and other major faults in the region are still active is 
important because of the potential seismic risks to fast growing communities in 
western Montana, including those in Flathead and Missoula counties (combined 
2000 census population of 170,000) among others and the history of major seismic 
ruptures in the area (e.g., Hebgen Lake). As reported by Ostenaa et al. (1995) and 
Hofmann and Hendrix (2004a,b), current understanding of seismic risk in the 
region is inhibited by a lack of dateable material in local Quaternary glacial 
deposits that are deformed by extensional structures. This paper includes 
improvements in chronology made possible by tying deformed strata imaged in
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our seismic reflection data to several well-dated sediment cores from Flathead 
Lake (Hofmann et al., in press; Chapter 2 this study; Sperazza, in prep.; Hofmann 
et al., in prep.). Herein, we focus on using this chronologically constrained 
seismic stratigraphic framework for the Flathead Lake basin to refine the timing 
of deformational events expressed in its sediments and to interpret the geometry 
of the observed structures.
Structural setting
The study area is located at the intersection of two major structural 
provinces of western North America: the Rocky Mountain Trench and the Lewis 
and Clark Lineament (Fig. 3-1B). The Rocky Mountain Trench is a linear roughly 
north-south trending trough, bounded on one, and sometimes both sides, by 
major normal faults. It is a linear system of valleys that extends for 
approximately 1600 km from northern Montana to the British Columbia-Yukon 
border (Leech, 1966). Although more recently published work seems to suggest 
that the Rocky Mountain Trench might not continue into the Mission Valley and 
in fact ends just north of Flathead Lake (Constenius, 1996), for the remainder of 
this study we will use the general term Rocky Mountain Trench as introduced by 
Leech (1966). In contrast, the Lewis and Clark Lineament trends ESE-WNW 
across the northern Rocky Mountains and is characterized by predominantly
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dextral strike-slip movement related to large magnitude clockwise rotation of 
crust during the Sevier Orogeny (Sears and Hendrix, 2004).
Located in the northwestern extension of the Intermountain Seismic Belt 
(ISB), the study area has a rich history of active seismicity (Stickney et al., 2000). 
The ISB defines a belt of high seismicity that extends from the Flathead Lake 
Region through western Montana and continues southward through eastern 
Idaho, northwestern Wyoming, central Utah, and northernmost Arizona (Fig. 3- 
1A). It is characterized by relatively frequent late Quaternary (last 125,000 years) 
faulting and moderate levels of historic seismicity (Stickney et al., 2000). Historic 
seismicity in the ISB typically is diffuse but is punctuated by the occurrence of 
magnitude 6.5 to 7.5 earthquakes, like the magnitude 7.5 Hebgen Lake 
earthquake of 1959, the largest historic earthquake that occurred within the ISB 
in Montana (Stickney et al., 2000).
Late Quaternary faults in the ISB typically are range-bounding normal 
faults that display evidence of recurrent, discrete, surface displacements of up to 
several meters during individual seismic events. Within the study area, 
geomorphically well-expressed fault scarps have been documented as offsetting 
Pleistocene and Holocene sediments. The last major event to have produced a 
surface rupture along the east side of the Mission Valley occurred 7,700 ± 200
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years ago with an estimated seismic moment of magnitude 7.5 (Ostenaa et al., 
1995).
Many of the Quaternary extensional faults in the northern Basin and 
Range Province reactivate traces of older, Mesozoic and Tertiary compressional 
faults (Constenius, 1996). The Rocky Mountain Trench for example follows in 
depth an old basement ramp that is part of a Mesoproterozoic margin upon 
which the Belt Supergroup was deposited. During Mesozoic contraction, the 
Rocky Mountain basal detachment (RMBD) closely followed the craton-cover 
contact across this ramp, forming a major culmination above it (Sears, 2001). 
When thrusting ceased at the end of the Cretaceous, the RMBD and many 
smaller surficial thrust faults were quickly reactivated as extensional faults 
during the early Paleocene (e.g. Constenius, 1996).
Stratigraphy
The sedimentary basement in the Mission and Flathead Valleys consists of 
metasedimentary rocks of the Mesoproterozoic Belt Supergroup that crop out 
widely in the Mountain ranges along the margins of the study area and represent 
the deepest exposed stratigraphic level (Harrison et al., 1986; Fig. 3-1C). Tertiary 
strata in the study area may exist north of Flathead Lake in the Flathead Valley 
(Smith, 2004), but hasn't been identified within the Flathead Lake basin and in
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the Mission Valley immediately south of the lake and east of St Ignatius 
(Hofmann and Hendrix, 2004a,b; Hofmann et al., press).
Pleistocene sediments associated with the last glacial maximum are most 
widespread in the study area, because it is located at the former terminal position 
of the Flathead Lobe of the Cordilleran Ice Sheet (Fig. 3-1C). Related sediments 
include ice-contact deposits, widespread glacio-fluvial deposits, local eolian 
deposits, and glaciolacustrine deposits associated with glacial Lake Missoula 
(Pardee, 1910, 1942; Davis, 1920; Nobles, 1952; Alden, 1953; Ostenaa et al. 1995; 
Levish, 1997; Smith, 2004; Hofmann and Hendrix, 2004a). Locally overlying these 
Pleistocene sediments are Holocene fluvial, alluvial, and eolian deposits. Seismic 
reflection data suggest that Flathead Lake itself contains up to 160m of 
sedimentary strata (Wold, 1982; Hofmann et al., in press). In the upper part of 
this sedimentary succession, which is well imaged on the 3.5 kHz data set, lake 
deposits of late Pleistocene and Holocene age are preserved.
Hofmann et al. (in press) identified six different seismic stratigraphic units 
(A-F) and several unconformities in the Flathead Lake seismic data set (Fig. 3-2). 
They established the chronology and constrained the sedimentology of the 
seismic stratigraphic data set by correlating each seismic facies to a set of well- 
dated sediment cores recovered from the lake bottom (Sperazza, in prep.). 
Seismic stratigraphic unit A consists mainly of chaotic seismic reflectors that
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likely are glacial till related to the last glacial occupation of the lake basin and 
presumably correlate to glacial till found in several moraines onshore (Alden, 
1953; Smith, 1977; Hofmann and Hendrix, 2004a). Parallel high amplitude 
reflectors of unit B are inferred to represent glacial rhythmites, deposited in a 
proglacial lake during gradual retreat of the Cordilleran Ice Sheet. 14C dates from 
the upper part of this unit suggest a depositional age older than 14,150 cal yr BP 
(Hofmann et al., in press; Sperazza, in prep.). Unit C is a composite of several 
different seismic facies that most likely include event deposits that post-date the 
glacial retreat out of the Flathead Lake basin (Hofmann et al., in press). Seismic 
stratigraphic unit D reflects deposition in a lake with a stable lake level at a 
relative highstand (Hofmann et al., in press). By approximately 7,600 cal yr BP 
lake level had dropped an estimated 15 m below the present level, exposing 
many shallow parts of Big Arm Bay and Poison Bay. As a result, seismic 
stratigraphic unit E was deposited only within some deeper confined basins in 
Big Arm Bay and the deeper parts of the lake east of Wild Horse Island (Fig. 3- 
1C). However, onlap geometry of seismic reflectors suggest a gradual lake level 
rise during deposition of seismic unit E. Finally, unit F represents a drape of lake 
sediments deposited during the last 2,000 cal yr BP, as the lake level stabilized 
approximately at its present level. Lake sediments associated with the pro-glacial
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lake stage and the higher Holocene lake stages are exposed onshore locally, but 
are usually difficult to correlate due to the lack of dateable 14C material.
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Figure 3-2: Display of the different seismic stratigraphic units B-F and accompanying 
seismic facies interpretation (modified from Hofmann et al., in press).
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DATA SETS AND METHODS
The data set we used to analyze the neotectonic history of the Flathead 
Lake basin consists of 270 km of high resolution 3.5 kHz seismic data, originally 
collected and described by Kogan (1980) and more recently interpreted by 
Hofmann et al. (in press). Data acquisition and processing is described in more 
detail in these two previous studies and w on't be discussed here. For depth 
conversion of the two-way travel time data we followed the results of Hofmann 
et al. (in press) and assumed acoustic velocities of 1.45 m/msec in water and 1.5 
m/msec for the shallowest sediments, consistent with experimental acoustic 
impedance studies in other lakes (Finckh et al., 1984; Mullins et al., 1996). These 
time-depth conversions result in useful imaging of the upperm ost 60 m of 
sediments in the Flathead Lake basin with a resolution of approximately 30-40 
cm.
For our onshore analyses we used available geologic (Harrison et al., 1986;
Hofmann and Hendrix, 2004a; Hendrix et al., 2004), structural (Harrison et al.,
1986; Ostenaa et al., 1995), and topographic maps to identify onshore strands of
the Mission Fault. We surveyed fault scarp slope morphology to estimate the
time of rupture based on fault scarp degradation (Wallace, 1977). In addition, we
applied stream length-gradient index (S L ) and mountain front sinuosity (Smf)
morphometric parameters (Keller and Pinter, 1996; Appendix C) to quantify
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tectonic activity indices and slip rates for the onshore segments of this fault 
system.
From the two latter morphometric parameters we were able to estimate 
tectonic activity rates of the fault segments and compare these activity rates to 
displacement rates as independent indices of fault activity. Mountain fronts that 
are characteristic of the highest relative tectonic activity class of 1 typically have 
very low values of Smf (<1.1), high S L  indices, dependent on the bedrock 
lithology, and correlate to high displacement rates in the range of 1 - 5 mm/yr 
(Rockwell et al., 1985; Bull, 1987). In contrast, the lowest tectonic activity class, 
class 5, is characterized by high Smf values, generally in the range of 2.6 - 4, and 
low S L  indices (Rockwell et al., 1985).
Sources o f error
There are several different possible sources of error involved in our 
seismic data processing and interpretation. Due to the originally analog nature of 
the seismic data set, it was necessary to scan the original seismic lines prior to 
analysis on a computer. During the scanning process, some of the data might 
have been slightly distorted. Tie-points for the seismic lines assigned in ArcGIS 
were mostly adapted from the line traces on the original maps produced during 
the seismic data acquisition process (Kogan, 1980). Errors in the original location
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of seismic lines, which were located with the use of a compass and sextant, 
therefore would carry through to the present analysis. In addition, we assigned a 
90 m grid to Flathead Lake to produce our digital maps, resulting in an 
additional accuracy uncertainty of 45 m for some of the data points. Although 
the use of m odern GPS locating techniques obviously would reduce this 
uncertainty, analytic errors contained in the seismic data set don't affect the 
overall results of our study in terms of defining the broad geometry of fault 
segments within the FHL basin or in terms of constraining the timing of seismic 
activity preserved in the sediment record.
Other possible sources of error in this study include 1) the possibility that 
faults were not adequately imaged on the seismic grid and so were not 
recognized, 2) uncertainties regarding the degree to which compaction of 
sediments affects sedimentation rate calculations and 3) combining chronologic 
and sedimentary thickness measurements to estimate displacement rates and 
timing of seismic events. The recognition of active faulting in sedimentary basins 
depends on the relative balance between fault slip rate and sedimentation rate. In 
areas with high sedimentation rates and slow fault slip, fault displacements may 
not be imaged in seismic profiles, hence the number of active faults may be in 
fact underestimated.
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To assess whether compaction has to be addressed as a significant source 
of error we calculated porosity changes for different burial depth using standard 
compaction equations (e.g. Miall, 2000). Porosity in the lake sediments is 
decreased approximately 1 % in 10 m burial depth and between 3.5 % and 5 % 60 
m below the sediment water interface. Hence compaction up to 25 m burial 
depth is below seismic resolution and therefore negligible. Sedimentation rates 
for Flathead Lake were calculated from core data as being in a range of 0.4 
mm/yr to 0.6 mm/yr for seismic units C-F and significantly higher, up to 
approximately 20 -  80 mm/yr for seismic unit B (Sperazza, in prep.; Hofmann et 
al., in prep.). These sedimentation rate calculations and the given seismic 
resolution of 30-40 cm result in an average age estimation error of 500 -  1000 
years for seismic units C-F and 4 - 2 0  years for seismic unit B, although this 
uncertainty excludes uncertainties of 14C dating or other dating methods.
RESULTS AND DISCUSSION
Neotectonic structural framework
R everse faults, thrust faults, strike-slip faults, and norm al faults all have  
been observed in northwestern Montana. Most reverse and thrust faults are 
related to pre-Pleistocene orogenic events and are not the focus of this study.
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Active faults with normal and, to a lesser extent, strike-slip sense of motion 
mainly compensate extensional stress in the study area and are focused upon 
below. In the text that follows, we describe in detail the geometry of these two 
fault types and how they are distributed across the Mission and southern 
Flathead Valleys and in the Flathead Lake basin itself.
Onshore Faults
Onshore surface traces of faults with normal and strike slip components 
have been m apped and described in the area around the Flathead Lake basin 
(Harrison et al., 1986; Ostenaa et al., 1995; Hofmann and Hendrix, 2004a,b; 
Hendrix et al., 2004). Some of these faults were reported active during the late 
Pleistocene and Holocene while others don't show any obvious signs of late 
Quaternary fault movement. The most prominent of the active faults is the 
Mission normal fault south and east of Flathead Lake (Fig. 3-1C, 3-3; Ostenaa et 
al., 1990, 1995). Below we describe the geometry of this fault along three different 
fault segments.
The southernmost Mission fault is a 6.6 km long segment that strikes 135° 
and is located between St. Mary's Lake and Mission Reservoir (Fig. 3-3B, 
Hofmann and Hendrix, 2004b). Trenching studies by Ostenaa et al. (1995) 
suggested that the last surface-faulting event in this area occurred about
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7,700±200 cal yr BP based on the observation that the Mount Mazama ash 
(7,630±80 cal yr BP; Zdanowicz, 1999) blankets ruptured sediments. The 
minimum fault displacement in this area was reported to be 2 m during this last 
rupture, but the scarps along this segment were reported to be more than 12 m 
high and thus likely a product of more than one faulting event (Ostenaa et al., 
1995). The overall displacement for bedrock along this segment of the fault may 
be more than 5km (Ostenaa et al., 1990), with a significant component of dextral 
slip superimposed on an otherwise mainly normal sense of movement (Witkind, 
1975; Ostenaa et al., 1995; Haller, 1995). We calculated a mountain-front sinuosity 
(Smf) of 1.3, and stream length-gradient (S L ) index of 213 to 975 (mean= 584) for 
this segment of the Mission Fault.
In contrast to the Holocene tectonic activity reported along the southern 
segment, trenching studies and mapping along the northern segment of the 
Mission Fault in the vicinity of Flathead Lake show that the last rupture event in 
this area occurred shortly after the retreat of the Cordilleran Ice Sheet, because 
fault scarps in this area offset glacial till related to the last glacial maximum. In 
contrast to the southern segment, the northern segment consists of numerous 
sub-parallel traces (Fig. 3-3A; Haller, 1995; Hofmann and Hendrix, 2004a). Many 
of the fault splays do not appear to displace Quaternary deposits, and the timing 
of movement along these splays is unknown. The sense of relative movement
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along the northern segment of the main fault is predominantly normal with a 
total vertical displacement of 3-3.5 km (LaPoint, 1971; Witkind, 1975; Haller, 
1995).
Regional stress field: 
a l  = com pressional 
a3 = extensional 
stress vector
'O'Hkao
r,> *,
■ V M !
10km
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Figure 3-3 (previous page): Map showing the fault traces in the study area. Most 
faults are located in the eastern part of the lake basin and line up with the Mission 
fault system. The main fault traces are the west dipping Mission fault (MF) and the 
east dipping Kalispell-Finley Point Fault (KFF), both composed of several fault 
splays. Other main faults in the study area are the east dipping Table Bay Fault (TBF), 
the also east dipping Rollins Fault (RF), the left-lateral strike-slip Chief Cliff Fault 
(CCF), and the right lateral strike-slip Big Draw Fault (BDF). North of the lake the 
Mission fault is truncated by the left lateral strike-slip Carson Fault (CF) and the 
extensional stress is accommodated by the Swan Fault (SF), another major N-S 
trending normal fault located north and east of the study area. Note the change in 
structural style from a single surficial fault splay in the Mission Valley (map B) to 
multiple fault splays in the lake basin (map A). Small faults are not labeled on this 
map and some faults that do not strike N-S but rather strike at an angle and have 
inferred strike slip motion are not displayed. Faults onshore have been adapted from 
(1) Stickney, 1980; (2) LaPoint, 1971 and Harrison et al., 1986; (3) Hofmann and 
Hendrix, 2004a; (4) Ostenaa et al., 1995; and (5) Hofmann and Hendrix, 2004b. MFN= 
Mission Fault north; MFS= Mission Fault south
Analyzing data from a gravity survey, LaPoint (1971) suggested that an 
estimated total crustal extension of 2 km characterized this region through a 
series of horsts and grabens. However, we did not observe surface scarps 
associated with any of the faults proposed by LaPoint (1971) either onshore or 
offshore except for the main Mission Fault. Smf for this Mission fault segment is 
approximately 1.6 and SL indices range from 218 to 338 (mean= 274).
North of Flathead Lake, the Mission fault continues onshore as the two 
easternmost splays of several faults (Mission Fault, Kalispell-Finley Point Fault, 
Swan Fault) that offset bedrock (Fig. 3-3A; Stickney, 1980). These generally north- 
south striking faults define a structural graben that Stickney (1980) termed the
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Flathead graben. Stickney (1980) also recognized several NE-SW trending faults 
(e.g. Carson fault) based on recent micro-earthquake activity further to the north 
that appear to truncate many of the north south trending faults (Fig. 3-3A). The 
NE-SW trending Carson Fault has an oblique-slip sense of motion with normal 
downthrow of the hanging wall to the NW and left-lateral strike-slip. Further 
north and east, extension is accommodated by the Swan Fault, a major down-to- 
west normal fault en echelon to the Mission Fault (Fig. 3-3A).
Major bedrock faults west of Big Arm Bay are compiled from gravity 
survey data (LaPoint, 1971) and surface mapping (Fig. 3-3A; LaPoint, 1971; 
Harrison et al., 1986; Hendrix et al., 2004). LaPoint (1971) suggested that the main 
E-W trending faults dip vertically and have exclusively strike-slip movement. 
The Big Draw Fault (Fig. 3-3A) appears to continue from west of the lake into 
Flathead Lake and onto Wildhorse Island. West of the lake the fault is a right- 
lateral strike-slip fault. Our mapping on Wild Horse Island suggests also a 
significant component of right-lateral strike-slip movement for this fault, but 
some of the movement is accommodated by a normal sense of motion down to 
the NW (Fig. 3-3A).
Our observations of strike changes across the onshore trace of the Chief 
Cliff Fault, north of Big Arm Bay suggest that it is characterized by left-lateral 
strike-slip motion (Fig. 3-3A). Other major faults north of Big Arm Bay, the Table
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Bay Fault and Rollins Fault in contrast have exclusively normal sense of motion. 
Results by Harrison et al. (1986) and a more recent study by Hendrix et al. (2004) 
show that neither of these faults appear to offset Quaternary sediments onshore.
Faults offshore with predominantly normal sense of movement
Faults with predominantly normal sense of motion are the most common 
fault type in the Flathead Lake basin, but are confined to the main basin east of 
Wild Horse Island (Fig. 3-3A, 3-4). Normal faults in the lake basin generally drop 
the hangingwall either to the west or to the east. Total fault separation of 
reflectors is of very different magnitude across the lake basin and ranges from 
decimeter scale offset, just within resolution, to fault scarps as high as 14 m.
One of the best imaged sublacustrine faults with a well developed scarp is 
the Mission Fault and, in particular, fault splays B1 and B2 (Fig. 3-3A, 3-4A, 3-5). 
Fault splay B1 is approximately 15 km long and connects to a 5.8 km long 
onshore segment of the Mission fault north of the lake that was first recognized 
in a gravity survey by Stickney (1980). All segments have a predominantly 
normal slip separation of stratigraphic reflectors with sense of throw down to the 
W. Fault splay B2 is another branch of the Mission fault located about 4.7 km 
south of Woods Bay (Fig. 3-1C). Over their entire length fault splays B1 and B2 
are
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Figure 3-4 (previous page): Map of fault segments that were active during at least 
one of the tectonic activity phases (B-F) in the Flathead Lake basin. The tectonic 
phases are named after the youngest reflectors that are cut by a fault. Phase B (map 
A) is the oldest phase and includes fault segments that were active between 15,000 
and 13,000 cal yr BP (fault segments B1-B7), hence cut reflectors of seismic unit B. The 
main rupture event, tectonic phase B, is considered to be the largest magnitude 
seismic event in the lake basin. This oldest tectonic event also offset onshore exposed 
glacial sediments along the Mission fault further to the south in the Mission Valley 
(see Fig. 3-3). Phases C-F are considered to be more local events and only offset 
seismic reflectors at dm scale. Phase C (map B) includes seismic events that ruptured 
the area at -10,000 cal yr BP (fault segments C1-C6), phase D (map C) at 7,600 -  8,000 
cal yr BP (fault segments D1-D4), and phase E and F (map D) include minor seismic 
events that offset the prominent reflector of the Mount Mazama ash, thus are younger 
than 7,600 cal yr BP (fault segments El, E2, FI).
Figure 3-5 (next two pages): Display of seismic profiles 351, 35J, 35K, and 35L (A; see 
inset map for location) and 35C, 35F, 47, and 35G (D; see inset map for location). 
Seismic profile 35L is the northernmost and seismic profile 35C the southernmost of 
these profiles located along strike in the eastern part of the lake. Note the change of 
fault geometry of several of the faults along strike. Solid lines mark the sediment 
water interface; dashed lines mark the contact between seismic stratigraphic units C 
and D.
Profiles B and C are parts of seismic lines 47 and 35J showing the detailed geometry 
of fault D l, an oblique normal fault. In profile C the fault dips towards the east, while 
reflectors displayed in profile B show normal and reverse fault movement an 
observation based on drag folding of the reflectors. Displaced reflectors are generally 
older than seismic unit D.
Profile E displays the fault scarp geometry, as common along strike of the Mission 
fault. Fault scarps of fault especially segments B1 and B2 are between <3m and >10m 
high and were formed during tectonic phase B. We believe the steepness of the scarp 
exceeds the threshold angle for sediment deposition, hence reflectors of younger 
units do not drape the fault scarp. Note the high-angle onlap of reflectors of seismic 
units D-F.
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characterized by steep surface scarps between <3 m (Fig. 3-5A, 3-5D -  lines 35J, 
35F) and >10 m height (Fig. 3-5A, 3-5D -  lines 35G, 35K, 47). Reflectors of unit D 
and younger onlap the steep fault scarps but do not appear to be deformed (Fig. 
3-5E) and reflectors of unit C are usually chaotic in character (Fig. 3-5E), 
rendering determination of offset timing or rate difficult.
Another example of a fault with well-defined scarps but a different 
direction of dip is fault segment B4 of the Kalispell-Finely Point Fault (Fig. 3-3A, 
3-4A, 3-6). Fault separation along fault splay B4 indicates a normal sense of 
movement with throw down to the E. However, the absolute displacement along 
the fault changes significantly from north to south. Associated with fault splay 
B4 are steep surface scarps along its southern trace that range between ~10m and 
~14m (Fig. 3-6 -  lines 24, 6, 17), and decrease in height to the north (Fig. 3-6 -  
lines 28, 47).
Figure 3-6 (next page): Composite of several seismic profiles imaging the fault scarps 
along the Kalispell-Finley Point fault and in particular fault splay B4. Profile 47 is the 
northernmost and profile 24 the southernmost seismic profile along strike of this fault 
(see inset map). Note the decreasing fault scarp height to the north. Movement along this 
fault occurred most likely during seismic phase B. The dashed line marks the unit C-D 
contact.
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Other normal faults in the lake basin commonly show vertical displacement of 
reflectors of much smaller scale and no surface expression. Fault splay El, the 
offshore segment of the Table Bay fault, for example, extends for approximately 7 
km from 2.2 km east of Cedar Island to the south (Fig. 3-3A, 4-4D) and shows 
normal fault separation of reflectors with throw down to the east (Fig. 3-7). 
Displacement of lowest unit E and older reflectors corresponds to an 
approximate age of 6,000 - 5,000 cal yr BP (Hofmann et al., in press). The offset of 
unit E and older reflectors ranges between 0.4 and 1.1 m (Fig. 3-7). Most of the 
remaining normal faults in the lake basin also have vertical offset of seismic 
reflectors at dm scale, revealing geometries similar to fault splay El (Table 3-1, 
Fig. 3-3A).
Fig. 3-7 : Part of seismic profile 17, displaying offset along the offshore segment 
El of the Table Bay fault. Dip of the fault is down to the east and reflectors of 
unit D are included in the normal fault separation. Stippled line is a trace of a 
random reflector; the dashed line marks the contact of seismic units C and D.
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Table 3-1 (previous page): Summary of the fault characteristics of all faults in the lake 
basin. Fault names are the same as in figure three and fault segment names correlate to 
fault segments in figure 3-4. For location of faults and fault segments refer to figures 3-3 
and 3-4. Faults correlated to the oldest post-glacial fault activity phase in the lake basin 
offsets seismic stratigraphic unit B at about 15,000 cal yr BP. Age of displacement and 
displacement rates correlate well to the oldest late Pleistocene offset along the southern 
Mission fault where Ostenaa et al. (1995) suggest a similar age of displacement with 
comparable displacement rates. Another well constraint tectonic event along the 
southern Mission fault at about 7,700 cal yr BP also correlates well to fault offset that 
we observed in the Flathead lake basin. An event at about 10,000 cal yr BP that we 
observed in the lake basin is not well constraint from the onshore data set. However, 
Ostenaa et al. (1995) suggest up to four events that ruptured the southern part of the 
Mission valley, including the 15,000 and the 7,700 cal yr BP events. Assuming fairly 
constant recurrence intervals for the study area, a smaller event at about 10,000 cal yr 
BP might be included in some of the onshore scarps in the southern Mission valley but 
of unknown displacement rates. Other phases of tectonic activity after 7,700 cal yr BP 
seem to be more locally confined to the lake basin and do not have any onshore 
counterpart.
Normal faults with strike slip movement
The second group of faults recognized in the lake basin include oblique 
normal faults and faults with dominantly strike-slip motion. The latter type of 
faults is imaged as zones of high structural variability, with local sense of 
movement changing along strike between reverse and normal and local 
alternations in the magnitude of throw. This change of structural style along 
strike is similar to that documented in examples of strike slip faults mapped 
onshore (e.g. Christie-Blick and Biddle, 1985), imaged offshore (e.g. Harding, 
1983), and synthesized in experimental models (e.g. Richard et al., 1991).
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Analogous structural geometries also have been described in outcrops of Aptian 
lacustrine strata from northern Brazil, where Rosetti and Goes (2000) linked 
similar structures to paleoseismic events and suggested that such a complicated 
style of deformation might be caused by strike-slip tectonism. A prime example 
for this type of fault in our data set is the offshore segment (fault splay C6) of the 
Chief Cliff Fault, located in the western part of the lake (Fig. 3-3A, 3-4B, 3-8). This 
fault first was recognized by Hofmann et al. (in press) who described this zone of 
disrupted reflectors (their unit C3) as a zone of liquefaction related to a fault 
trace. Displacement along this fault occurred just before the deposition of unit D 
or approximately 10,000 cal yr BP. The apparent downsection termination of 
many of the smaller faults imaged in this fault zone might be due to the relative 
orientation of the seismic profile with respect to the dipping fault plane as 
described by Charlet et al. (in press) for faults in Lake Baikal. Oblique normal 
faults commonly show a considerable variation in structural style similar to 
strike slip faults but also have a distinctive normal slip separation of seismic 
reflectors. The best example of this kind of fault is fault splay D1 of the Mission 
fault, a 3.8 km long splay comprised of several smaller fault segments (Fig. 3-3A, 
3-4C). The northernmost segment shows predominantly normal slip separation 
down to the ENE (Fig. 3-5A -  line 35K). Analogous normal slip separation with 
throw down to the east is also imaged along the southern trace (Fig. 3-5C and 3-
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5D -  lines 47, 35F, G). However, the middle segment shows normal fault 
separation with dip down to the W (Fig. 3-5A -  line 351) and older strata in line 
35J (Fig. 3-5B) show offset along the same fault splay but with a reverse sense of 
motion. Together, these interpretations strongly suggest that fault splay D1 has a 
significant strike-slip component. The vertical component of displacement of 
upper unit B reflectors ranges between 0.5 m for the west dipping fault splay and 
-0.8 m for the east dipping fault traces, while vertical offset of younger reflectors 
(unit C-D) along the northern segment of the fault is -0.6 m (Fig. 3-5A -  line 35K).
Figure 3-8: Strike slip fault imaged along seismic profile 15. The zone is composed of 
small-scale faults with normal and reverse sense of motion, typical for strike slip faults. 
The direction of m ovem ent is unknown, but the onshore segm ent of this Chief Cliff 
Fault, north of the lake shows left lateral movement. This fault is the only major fault in 
the lake west of Wild Horse Island. The dashed line marks the unit C-D contact. For 
location see inset map.
133
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Neotectonic evolution o f the southern Flathead Valley, the M ission Valley, and 
the Flathead Lake Basin
Most of the faults in the study area have normal sense of motion and 
strike approximately N-S, in agreement with the overall tectonic stress field of 
the region that shows the maximum compressive stress orientation (al) parallel 
to the main fault's strike direction (Fig. 3-1 A, 3-3A; Zoback and Zoback, 1989). 
Faults with some inferred strike-slip sense of motion, in contrast, are generally 
not oriented parallel to this stress field, hence compensate the compressive 
component of the stress field by oblique dip slip or exclusive strike slip 
movement (Fig. 3-3A).
The most significant result of this study is that the structural style of the 
Mission fault system varies significantly throughout the length of the southern 
Flathead and Mission Valleys. Available data suggests, that the southern part of 
the Mission Valley seems to be bounded by one major trace of the Mission Fault 
that has been active during the Holocene (Ostenaa et al., 1995). In contrast our 
study shows that the Flathead Lake basin is dissected by numerous faults that 
have been active at different times throughout the Pleistocene and Holocene (Fig. 
3-3). Although no active fault splay is described north of the lake, the structural 
style of several fault splays also seem to continue in this northern area until they 
are truncated by E-W striking faults (Fig. 3-3A; Stickney, 1980). Generally diffuse
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earthquake activity in the Flathead Valley might be explained by this structural 
style of fairly widespread deformation (Stickney et al., 2000), an observation also 
reported from other tectonically active areas (e.g. Rotstein et al., 2004).
Phases of tectonic activity
A general picture from our fault interpretation is one of episodic tectonic 
activity throughout the late Pleistocene and Holocene. Five periods of increased 
displacement were recognized in the lake basin (Table 3-1), each having very 
different displacement rates and each being centered about a different location 
(Fig. 3-4). Most of the displacement appears to have occurred in the following 
phases: (B) 15,000 - 13,000 cal yr BP, (C) -10.000 cal yr BP, (D) 8,000 - 7,600 cal yr 
BP, (E) 7,500 - 5,000 cal yr BP, and (F) within the last 2,000 years. South of the 
lake basin in the Mission Valley, Ostenaa et al. (1995) reported at least two and 
maybe as many as four tectonic events along traces of the Mission Fault in post­
glacial history, with the last of these major events being dated at -7,700 cal yr BP. 
An average recurrence interval for four events of -2,450 years implies that some 
of the tectonic activity in the southern Mission valley may have been coeval with 
activity in the Flathead Lake basin (Table 3-1).
Faults included in phase B are all faults in the lake basin that cut seismic
reflectors of seismic stratigraphic unit B and older. The active fault splays during
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this oldest tectonic phase generally mimic the main fault trace of the Mission 
Fault and the Kalispell -  Finley Point Fault (Fig. 3-3A, 3-4A). Both of these faults 
are characterized by mostly high and steep fault scarps that are well imaged on 
several of the seismic profiles. Similar steep fault scarps have been m apped south 
of the lake along the onshore trace of the Mission Fault (Hofmann and Hendrix, 
2004a). Faulting along the active splays B1 - B7 in the lake basin occurred 
sometime after the last glacial maximum and the retreat of the Flathead Lobe of 
the Cordilleran Ice Sheet, because onshore traces of the Mission Fault south of 
the lake offset glacial sediments. Based on results from trenching studies Ostenaa 
et al. (1995) recognized a large surface offset with fault scarps as high as 10 m 
along the southern Mission Fault. Offset occurred prior to the well-dated 7,700 
cal yr BP event and after deposition of glacial till related to the last glacial 
maximum. These authors suggested a depositional age of 19,000 -  23,000 cal yr 
BP for this glacial till, but more recent studies show that the last maximum ice 
extent for the Cordilleran Ice Sheet did not occur before -15,000 cal yr BP (Clague 
and James, 2002).
Although we can't demonstrate an obvious offset/drape relationship of 
seismic reflectors of relevant age in the lake (Fig. 3-5, 3-6), we are still confident 
with our interpretation of the timing of this oldest event based on the following 
observations: A) Along the high scarps, parallel seismic reflectors younger than
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-15,000 -  13,000 cal yr BP do not show any signs of obvious drag folding that 
would indicate more recent movement along these faults. Instead many of these 
younger reflectors onlap the toe of the fault scarps or thin significantly draping 
the fault scarp (Fig. 3-5E). B) We suggest that this geometry is purely 
depositional in nature and younger sediments were not draped over many of 
these scarps because the angle of these scarps likely exceeds the threshold angle 
for sediment accumulation. Hence deposition did not occur or slopes are just 
covered by a very thin drape of sediment, well below seismic resolution. C) Some 
of these fault scarps occur in parts of the lake where chaotic seismic reflectors 
(seismic unit C2 in Hofmann et al., in press) are dominant and movement along 
the particular fault and/or deformation of reflectors is not obviously imaged in 
the seismic record. However, we suggest that chaotic reflectors of seismic 
stratigraphic unit C2, described as turbidite deposits by Hofmann et al. (in press) 
were deposited in this structurally controlled trough in the eastern part of the 
lake and the formation of the steep fault scarps associated with the Kalispell- 
Findley Point and Mission Faults pre-date the deposition of these turbidites. In 
fact they were the confining margins for this turbulent flow.
Based on all these observations we suggest that the fault scarps along 
several onshore segments of the Mission Fault and the high scarps along several 
offshore segments of the Mission and Kalispell -  Finley Point Faults (splays B1 -
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B5; Fig. 3-4A, 3-5, 3-6) were formed during the same seismic event just after the 
deposition of the glacial till (seismic stratigraphic unit A) between 13,000 and
15,000 cal yr BP. This oldest observed rupture event was the main displacement 
event in the lake basin during the latest Pleistocene and Holocene.
Included in the second phase (C), a later phase of displacement at the end 
of the deposition of seismic unit C, are many different splays of several faults in 
the lake basin (Cl -  C6), but mainly along the eastern side of the lake (Fig. 3-4B). 
Most fault splays active during phase C strike N-S, perpendicular to the 
extensional regional stress and are characterized by exclusively normal sense of 
motion. Only fault splay C6, the offshore segment of the Chief Cliff Fault located 
in the western part of the lake and also active during this tectonic phase, strikes 
NW-SE and hence compensated stress with significant strike slip movement (Fig. 
3-8). During phase D, displacement of unit D and older reflectors occurred along 
fault splays in the far eastern part of the lake (Fig. 3-4C), close to the main trace 
of the Mission Fault. Phase D is coeval with the last major fault offset reported 
from the southern segment of the Mission Fault (Table 3-1), although offset in the 
lake basin was of smaller scale. In contrast ruptures during the two youngest 
phases (E, F) that post-date the deposition of the Mount Mazama tephra (7,630 
±80 cal yr BP) appear very local and couldn't be linked to any other rupture 
events in the Mission and Flathead Valleys. (Fig. 3-4D; Table 3-1).
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Displacement rates
To evaluate total vertical fault separation displacement rates for the lake 
basin we assigned an equally spaced grid of ten fields perpendicular to the 
maximum regional compressive stress field across the lake. Then we calculated 
the total displacement rates for each of these fields by summing the displacement 
rates of single fault splays located in the grid (Fig. 3-9A).
The results of the total displacement in the lake basin are based on the 
displacement rates that we calculated for each of the fault splays (Table 3-1). 
Displacement rates for faults of phase C-E are widely spread and range between 
0.03 mm/a along fault splay D1 and 0.43 mm/a along fault splay C3. However the 
higher of these rates are very rare, and most fault splays show only displacement 
rates of less than 0.1 mm/a (fault splays B6, C2, D l, D3, El, E2,). The timing of 
movement along the different splays is mostly well constrained by known 
reflectors such as the Mount Mazama tephra (7,630±80 cal yr BP) and other 
seismic stratigraphic units recognized by Hofmann et al. (in press).
These measured vertical separation displacement rates lead to total 
displacement rates for this young set of faults (phases C-E) that range from 0.08 
mm/a to 0.23 mm/a (Fig. 3-9A), with the lowest displacement rates in the south 
and higher displacement rates in the center and northern part of the lake (Fig. 3- 
9B). Importantly, displacement rates in the southern part of the lake are likely to
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be underestimated due to the lack of seismic reflection data in this area. 
However, the calculated displacement rates fit well in the range of neotectonic 
faults reported from other moderate seismically active areas (Wallace, 1984; 
McCalpin, 2003), and are similar to average displacement rates calculated for the 
southern Mission Fault segments. Most faults in the lake basin seem to have 
undergone only one displacement event, although parts of fault splay D1 may 
have been active twice within the last 15,000 cal yr BP. These low frequency 
recurrence intervals can be partly explained by the nature of the fault splays that 
in general are relatively short with an average length of less than 2.5 km (Table 3- 
1, Fig. 3-3A, 3-4). Short faults generally have a significantly lower capability for 
large displacement rates and high frequency recurrence intervals relative to long 
faults (Nicol et al., 1997; Nicol et al., in press).
In contrast to the short fault segments of the younger faults, fault 
segments of the main Mission Fault and the Kalispell -  Finley Point Fault are 
significantly longer (Bl, B2, B4) with fault scarp heights ranging between 3 and 
14 m. Assuming that the last displacement along these fault splays occurred 
between 13,000 and 15,000 cal yr BP as demonstrated above and that these scarps 
only represent one rupture event, displacement rates range between 0.20 and
1.00 mm/a (Fig. 3-9A). Importantly, the displacement rates for phase B decrease 
linearly to the north within the lake basin, suggesting a lower tectonic activity in
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the northern part of the lake (Fig. 3-9B). These values of tectonic displacement are 
consistent with the calculated Smf and SL indices for the northern Mission Fault 
segment that also suggest a high to moderate tectonic activity class of 2 to 3. We 
also calculated displacement rates for the southern Mission fault segment where 
Ostenaa et al. (1995) described up to 12 m high fault scarps in glacial till. Based 
on trenching studies by these authors, a younger tectonic event (7,700 cal yr BP) 
is responsible for a surface offset of 2-3 m. We suggest that 9-10 m of the 
displacement is related to the older event that occurred between 13,000 and
15.000 cal yr BP resulting in average displacement rate ranging from 1.23 -  1.43 
mm/a for the latest Pleistocene and early Plolocene, and 0.26 -  0.39 mm/a since 
the last seismic event at 7,700 cal yr BP. Displacement rates for this fault segment 
are slightly higher than in the northern part of the study area but correlate well 
to the low value of Smf and the high SL-indices that we calculated for this fault 
segment and are typical for faults of a high tectonic activity class (Rockwell et al., 
1985).
In general the average displacement rates in the lake basin for the last
10.000 cal yr BP (phase C-F) are relatively low (Table 3-1, Fig. 3-9), implying a 
recently low tectonic activity in the study area. Most of the displacement was 
probably from low magnitude earthquakes, as they occur frequently in the study 
area (Stickney et al., 2000). In contrast the average displacement rates calculated
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from the oldest event (phase B) are significantly higher (Table 3-1, Fig. 3-9). We 
suggest that these higher rates are probably closer to the long-term displacement 
rates of the valley, because of the low Smf values, high S L  values, and high 
tectonic activity classes for parts of the Mission fault that implies fairly high 
average displacement rates.
The high relief fault scarps mapped along the main trace of the Mission 
Fault system may be related to one or more large magnitude earthquakes. For 
example, in Bear Lake Valley, Utah, McCalpin (2003) linked -6 m high fault 
scarps in late Pleistocene sediments to earthquake magnitudes of -7.2; and 6 m 
fault scarps in the vicinity of Hebgen Lake, Montana, are related to the 
magnitude 7.5 historic Hebgen Lake earthquake (Stickney et al., 2000). Based on 
these data, a total displacement of up to 14m as measured along the scarps in the 
study area likely requires an earthquake magnitude >7.5. Given the low 
Holocene displacement rates, the region currently is in a seismically quiescent 
phase. It seems just a matter of time before another large magnitude earthquake 
will bring the overall displacement rates back to average.
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Figure 3-9: A: Average
displacement rates in the 
Flathead Lake basin. Flathead 
Lake is subdivided into 10 
grids parallel to the main 
extensional stress vector for 
the region. Displacement 
rates for each of the grids are 
displayed for phases C-F and 
phase B. Additionally we 
displayed the average fault 
scarp height for faults 
inferred to have been active 
during phase B. Bold 
numbers are measured data 
points, italic numbers are 
interpolated displacement 
values. B: In general,
displacement rates and fault 
scarp heights for phase B 
decrease to the north 
following a linear trend with 
a R2 of -0.72 and reflecting 
decreasing fault activity in the 
same direction. Displacement 
rates of phase C-F increase 
slightly towards the center of 
the lake and start decreasing 
further to the north. The best 
fit trendline is logarithmic 
with an R2 of -0.78. However, 
the displacement rate for the 
southernmost grid is most 
likely underestimating the 
actual displacement due to a 
lack of data and displacement 
rates for unit C-F are more 
likely fairly constant 
throughout the lake basin.
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CONCLUSION
Integrated analysis of 3.5 kHz seismic reflection profiles, onshore geologic 
mapping, and review of relevant literature indicates that the Mission Fault 
system of western Montana changes character significantly along strike, from a 
single strand along its southern length to multiple strands further to the north 
within the Flathead Lake basin. The Mission Fault system is dominated by 
normal-slip faults oriented perpendicular to the regional extensional stress 
direction but also contains a subordinate set of oblique-slip and strike-slip faults 
that strike at a shallower angle to the regional extensional stress direction. 
Analysis of stratal cross-cutting relations within the seismic data set from 
Flathead Lake reveals the presence of 5 different phases of significant seismic 
activity at 15,000-13,000; -10,000; 7,900-7,600; -7,500-5000; and within the past
2,000 cal yr BP. The phases that occurred at 15,000-13,000 years and 7,900-7,600 
years correlate best with fault scarp analysis studies conducted along the 
southern strand of the Mission Fault located onshore about 30 km south of 
Flathead Lake.
Displacement rates calculated for the oldest phase of tectonic activity and
for the combined four younger phases of tectonic activity suggest that
displacement rates decrease to the north for the older phase of activity and
increase slightly to the north across the lake basin for the younger phases. A
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substantial decrease in displacement rate characterizes the transition from the 
earliest phase to the younger combined phases, suggesting that a major seismic 
event is due to return the displacement rate back to its longer term average.
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CHAPTER 4
Abrupt mid-Holocene megadrought in northwestern Montana
linked to volcanic forcing
M.H. Hofmann, J.N. Moore, M.S. H endrix, and M. Sperazza
Department of Geology 
The University of Montana, Missoula, MT 59812
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INTRODUCTION
Understanding past climate changes is crucial to predict modern day 
climate trends and their possible effects on human society. Establishing a 
regional network of Holocene paleoclimate records is an important task because 
it is through such data sets that questions about the causes of climate changes 
and the interconnectivity of the climate record from place to place can be 
answered. In particular, understanding the regional distribution and rates of 
climate change may help to illuminate the role that volcanic, atmospheric, 
oceanic, or other "switching events" may have played in triggering abrupt 
climate changes (Alley et al., 2003). Of special interest in this regard are abrupt 
climate shifts to extreme dry conditions that can have particular devastating 
societal effects.
Droughts are a common phenomenon around the world and have been 
recorded frequently during historic time (e.g. Laird et al., 1996; Abbott et al., 
1997; Hughes and Funkhouser, 1998; Verschuren et al., 2000; Forman et al., 2001; 
Hodell et al., 2001). One of the best studied examples of historic drought in North 
Am erica includes the 1930s D ust B ow l event (W oodhouse and O verpeck, 1998) 
that heavily impacted agriculture in the Great Plains region and that is well 
represented in lake sediment records in North America (e.g. Alley et al., 2003).
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Interestingly, lake sediment records that contain a signal of the Dust Bowl event 
(e.g. Alley et al., 2003) also show that such events occurred more frequently and 
on a higher magnitude throughout the late Holocene (Laird et al., 1996).
The majority of mid and late Holocene drought records in the North 
American continental interior have been generated from lakes in the northern 
Great Plains (e.g. Valero-Garces et al., 1997; Yu et al., 1997; Fritz et al., 2000; Yu et 
al., 2002; Laird et al, 2003; Booth et al., 2005). In contrast, relatively few such 
studies have concentrated on Holocene climate changes in the northwestern part 
of the United States and the southwestern part of Canada and the Rocky 
Mountain Region (e.g. Leonard, 1986; Beierle and Smith, 1998), resulting in poor 
coverage in this area for many Holocene climate reconstructions (e.g. Mayewski 
et al., 2004, Alley and Agustsdottir, 2005).
Located west of the continental divide in northwestern Montana, Flathead 
Lake contains one of the best preserved and most complete late Pleistocene and 
Holocene sedimentary records in the northwestern United States (Hofmann et 
al., in press). In this paper we present an interpretation of late Pleistocene and 
Holocene lake level history for Flathead Lake, based on our analysis of seismic 
reflection profiles from the lake, onshore geologic mapping, and the 
sedimentology of 19 piston cores that we recovered from the lake bottom. Most 
importantly, we present a quantitative evaluation of a substantial early mid-
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Holocene megadrought caused by the volcanic eruption of Mount Mazama that 
resulted in an extreme mid-Holocene lake lowstand with a decreased lake 
volume of -25%. We constrained the duration and magnitude of this drought 
event by modeling lake volume loss as a function of calcium carbonate 
concentration in the lake sediments. This approach enabled us to calculate the 
duration of the drought, input river discharge rates and, by extension, 
precipitation rates for this late mid-Holocene drought event. Our results strongly 
suggest that this megadrought is of much larger scale than any other historic or 
pre-historic drought reported from the region.
Study area and Regional Geology
Flathead Lake is a large open lake with a surface area of 496 km2 and a 
volume of 23.2 km2. The lake occupies a topographic depression between the 
Mission and the Flathead Valleys and is characterized by significant bathymetric 
variations that include a deep eastern trough (maximum depth -100 m), a wide 
bathymetric bench in the western part of the main basin (average depth -50 m), 
and two shallow embayments west (maximum depth 30 m) and south 
(maximum depth 7 m) of the main basin (Fig. 4-1).
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Figure 4-1 (previous page): A: The study area is located in northwestern Montana. B: 
Flathead Lake occupies a deep topographic depression between the Mission and 
Flathead Valleys. Its main distributary channels are the Flathead River and the Swan 
River, both entering the lake from the north. The only outflow of Flathead Lake is the 
Flathead River at the southern end of the lake. Gray shaded areas are exposed 
bedrock, white areas are Quaternary Valley fill. Note the stippled box marks the 
location of the areas mapped by Hendrix et al. (2004), Hofmann et al. (2004), and 
Bondurant et al. (in review). C: Flathead Lake's bathymetry (gray shades) is threefold 
with Poison Bay and Big Arm Bay (BAB) being shallow embayments, a wide 
bathymetric bench east of Wild Horse Island (WHI) and a deep bathymetric trough in 
the eastern part of the lake. Locations of all sediment cores recovered from the lake 
basin are marked with white dots; core locations discussed in the text are highlighted. 
Stippled lines show the position of the seismic profiles acquired from the lake basin. 
The southern end of the lake is defined by the Poison Moraine a terminal moraine 
related to the last glacial advance of the Flathead Lobe of the Cordilleran Ice Sheet. 
Buffalo basin is located just southwest of the Poison Moraine along the Flathead 
River.
The main distributary channels into Flathead Lake are the Swan and the Flathead 
Rivers. The Flathead River, as one of the major rivers in northwestern Montana, 
drains a catchment area of approximately 18,000 km2, and supplies about 90% of 
the water and sediment flowing into Flathead Lake. The Swan River contributes 
the vast majority of the remaining ~ 10% of the total annual inflow into Flathead 
Lake.
Bedrock in the Flathead Lake catchment area consists of Mesoproterozoic 
rocks of the Belt Supergroup that form many of the mountain ranges in NW- 
Montana. Lithologies are dominated by metasedimentary rocks that include
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argillite, siltite, and quartzite (Harrison et al., 1986). Precambrian igneous sills 
and flows and Tertiary intrusives occur in several locations in the northern and 
eastern part of the catchment.
Abundant glacial sediments and landforms north and south of the lake 
indicate that the entire drainage basin of Flathead Lake was glaciated during the 
last glacial maximum (e.g. Davis, 1920; Alden, 1953; Hofmann et al., 2003; Smith, 
2004). The Flathead Lobe, a major lobe of the Cordilleran Ice Sheet, advanced 
southward from Canada into northwestern Montana and terminated just south 
of Flathead Lake (Alden, 1953). Deglaciation of the area is closely related to the 
retreat of the Cordilleran Ice Sheet and its adjacent lobes and occurred between
16,000 and 14,000 cal yr BP (Carrara, 1986; Claque and James, 2002; Hofmann et 
al., in press). Hofmann et al. (in press) suggested that Flathead Lake was located 
far south of the Cordilleran Ice Sheet and ice free by 14,000 cal yr BP, based on 
sediment core analysis and seismic stratigraphy. The entire catchment basin was 
ice free prior to the deposition of the Glacier Peak tephra at 13,180 ± 120 cal yr 
BP, based on reports of this tephra in post-glacial terrestrial deposits north of the 
lake (Carrara, 1986; Smith, 2004).
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METHODS
Seismic stratigraphy
One of the data sets we used to analyze the late Pleistocene and Holocene 
lake level history of the Flathead Lake basin is over 270 km of high resolution 3.5 
kHz single channel seismic reflection data, originally collected and described by 
Kogan (1980) and more recently interpreted by Hofmann et al. (in press). The 
acoustic pulse length of the 3.5 kHz seismic reflection system was 2.0 
milliseconds (ms) with a keying rate of 1,200 pulses/min. Time dependent 
acoustic records were transformed into depth sections by applying results of 
wide-angle reflection experiments in lake sediments, as described by Finckh et al. 
(1984) and Mullins et al. (1996). Applying a constant velocity of 1.45 m/ms for 
lake water and 1.5 m/ms for unconsolidated lake sediments, the 3.5 kHz 
frequency data set results in useful reflections of the upper 60 m of Quaternary 
sediments. The vertical resolution resolved by this high frequency seismic 
imaging technique is about 30 -50 cm.
The densest seismic reflection coverage is located in the shallow water 
(<30 m) western embayment (Big Arm Bay; Fig. 4-1). This is helpful for the 
present study, because only seismic reflections in shallow parts of the lake record 
architectural elements in sediment fill that are related to lake level fluctuations. 
Deeper parts of the lake basin are below a critical water depth and lake level
158
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
fluctuations typically are not well expressed in the seismic records (e.g. Strasser, 
1991).
Coring and grain size
We recovered 19 piston cores from Flathead Lake during the years 2000 
and 2003, using a modified Kullenberg piston coring apparatus from the 
Limnological Research Center (LRC) at the University of Minnesota. Individual 
cores range from 5 -  11.5 m in length. The most important cores for this study 
were taken along one of the seismic profiles at key spots in Big Arm Bay (FL-03- 
14K, FL-03-15K, F1-03-16K) and from the eastern edge of the broad bathymetric 
bench (FL-00-9P) present in the western portion of the main lake basin (Fig. 4-1). 
All of the cores penetrate only the upper part (<11 m) of the stratigraphic 
sequence imaged in the seismic data set. After collection, the cores were 
transported to the LRC where they were split along their long axis, 
photographed, X-rayed, and described. Geophysical parameters such as 
magnetic susceptibility, P-wave amplitude and velocity, impedance, porosity 
and sediment density also were analyzed for most of the cores but won't be 
discussed in this study.
One half of core FL-00-9P and selcted portions of other cores were sub­
sampled at one centimeter intervals for grain size. Grain size analyses were
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conducted on a Malvern Instruments Mastersizer 2000 laser diffractometer with 
Hydro 2000MU pum p accessory. Data were compiled with Malvern's 
Mastersizer version 5 software. Measurements were recorded at the 
Environmental Biogeochemistry Laboratory at the University of Montana. For 
analyses of sediment core 9P, we directly sampled each one centimeter slice of 
the core perpendicular to the depositional surface. The contents of the entire 
aliquot were utilized for the measurement, thereby reducing sampling bias. 
Grain size samples of all other cores were also taken in one centimeter 
increments, but parallel to the depositional surface. See Sperazza et al. (2002) for 
a detailed discussion of sampling techniques and grain size analysis of natural 
sediment through laser diffractometry.
Mapping
As part of this project, we conducted >250 km2 of geologic mapping at 
1:24,000 or larger scale in the Flathead Lake region in the years 2002 to 2005 (Fig. 
4-1; Hofmann and Hendrix, 2004; Hendrix et al., 2004; Bondurant et al., in press). 
Of special interest for the present study are onshore lake terraces recognized 
during these mapping campaigns. These terraces were surveyed with Trimble 
GPS devices south of Flathead Lake where they are well pronounced 
geomorphologic features (Hofmann and Hendrix, 2004). GPS readings of the
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terraces were converted into terrace elevation profiles using Trimble software 
and standard graphing software.
G e o c h e m ic a l a n a ly s i s  a n d  m o d e lin g
Water samples for geochemical analysis were collected from six sites in 
Flathead Lake and one in the Flathead River. Water was also sampled from 
depth at two sites within the lake by sampling the water trapped in the core 
tubes above sediment cores. Water samples were taken with syringes and filtered 
through 0.45 pm filters using ultraclean methods (Nagorski, et al., 2003). Samples 
were stored in ultraclean plastic bottles on ice and transported to the 
Environmental Biogeochemistry Laboratory at the University of Montana for 
chemical analyses. Bicarbonate was determined by Gran titration and major and 
minor elements by Inductively Coupled Argon Plasma Emission Spectroscopy 
(ICP). Anions were determined by ion chromatography (IC). Quality assurance 
was maintained by the analysis of external and internal standards, blanks, 
duplicates and spikes. ICP blanks were all less than the detection limits, internal 
standards were within 10% of true values (except for S which was 13%), 
duplicates were within 5% and spikes within 5%  (except for S at 15%). The 
precision and accuracy of anion determination by IC and alkalinity 
determination by titration were less than 10%. The pH of surface water samples
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were measured in the field and the lab. Repeated measurements showed 
precision of about 0.1 pH units. In general, surface water lake samples showed 
minimal variability, approximately of a level comparable to the analytical error 
(c.a. ±10%) so an average value for each was used for modeling (Table 4-1).
To determine the state of calcium carbonate saturation and that of other 
minerals that might precipitate from Flathead Lake as a result of increased ionic 
concentration, the saturation index (SI) was calculated. SI = logio (IAP/Keq), where 
IAP is the ion activity product of the water and Keq is the equilibrium constant for 
the solid (e.g. calcite). At saturation, SI=0. At SI<0 the water is under saturated 
with respect to calcite and so calcite would not be expected to precipitate. At SI>0 
lake water is over saturated and calcite would be expected to precipitate. The Sis 
for calcite and several other carbonate and sulfate minerals were determined 
using the geochemical model Visual MINTEQ, version 2.32 (Gustafsson, 2005). 
Because calcite solubility is a function of pH and pH is a function of CO2 
pressure, a pre-industrial pCCh value of 280 ppmV was used to calculate a pH of 
Flathead Lake water at two different temperatures, 4°C and 10°C, resulting in 
values of 8.16 and 8.19 respectively. However, these values are within the natural 
variability found in the field (8.0 ± 0.2), so a pH of 8.16 was used in the Visual 
MINTEQ modeling runs.
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Constituent Average Concentration 
(mg/L)
PH 8.00
Alkalinity 81.1 (as CaCCb)
Calcium 22.1
Chloride 0.7
Magnesium 5.5
Sodium 2.1
Sulfate 3.5
Silicon 2.2
Table 4-1. Chemical concentration of 
Flathead Lake surface waters.
DATING
We erected a chronostratigraphic framework for our cores based on the 
presence of the late Pleistocene Glacier Peak tephra (13,180 ± 120 cal yr BP; Foit et 
al., 1993), the Mount Mazama tephra (7,630 ± 80 cal yr BP; Zdanowicz, 1999), four 
14C dates from core FL-03-16K, and 137Cs/ 210Pb dating of the uppermost 
sediments in core FL-00-9P. The tephras were identified on the basis of their 
geochemical composition by the University of Washington Microbeam 
Laboratory, while 14C samples were submitted to Beta Analytic Inc. and analyses 
for 137Cs/ 210Pb dating were performed at the USGS-Menlo Park. In core FL-03- 
16K we recovered and dated four twigs and charcoal fragments, establishing a 
well defined geochronology for this core (Fig. 4-2). The youngest date in the core 
was recovered from 44 cm below the top of the core and dated at 5,040 ± 40 cal yr
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BP. Other samples were recovered from the section between the Mount Mazama 
tephra and the Glacier Peak tephra and were dated at 8,650 ± 40 cal yr BP (341.5 
cm), 10,210 ± 50 cal yr BP (456 cm), and 12,220 ± 50 cal yr BP (605 cm). Dating of 
sediments between these key points was accomplished by calculating a best fit 
trend line. A third order polynomial trend line (y = 6E-07x3 + 0.0025x2 + 11.693x + 
4500.6) through the six ages has an R2 value of 0.9994 (Fig. 4-2 A). We used a 
third order polynomial regression as best fit trend line rather than a linear 
trendline to assign a unique sedimentation rate to each sampled cm interval. 
This, in our opinion, resamples the natural system much better than a univocal 
sedimentation rate over the entire core length that would have resulted from a 
linear trendline. Using the polynomial regression age model we were able to 
calculate sedimentation rates in core FL-03-16K that increase gradually from 0.64 
mm/yr in the lower parts of the core to about 0.85 mm/yr close to the top. This is 
in conjunction with a general decrease in the percentage of clay observed in the 
section between the well-dated Glacier Peak tephra near the bottom of the core at 
652 cm and the M ount Mazama tephra about 260 cm below the top of core FL-03- 
16K. We observed a strong correlation between the decrease in clay percentages 
and the increase in sedimentation rates (Fig. 4-2 B). This general good negative 
correlation between the grain size and the sedimentation rate provides an 
independent test of our age model. The top of core FL-03-16K apparently
164
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
corresponds to an age of about 4,500 cal yr BP. This old age at the top of this core 
can be explained by an over penetration of the core barrel.
For core FL-00-9P we used an already established age model that is based 
on 137Cs/ 210Pb dating, tephra dating, and secular variation dating and described 
by Timmerman (2005) and Sperazza (in prep.).
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Figure 4-2 (previous page): A: Age model for core FL-03-16K (for location see figure 
4-1, core 16). The model is based on six data points, four 14C dates and the two 
tephras. The best fit trendline through these data points resamples a third order 
polynomial regression (y = 0.0000006x3 + 0.0025x2 + 11.693x + 4500.6) with a R2 = 
0.9994. Note that the top of the core does not correlate to the lake bottom.
B: Grain size data (% clay) shows a decrease in clay percentage correlating to an 
increase in sedimentation rate. The sedimentation rate for core FL-03-16K was 
calculated by applying the polynomial trendline age model (A). We used this 
correlation to test the reasonability of our age model. Note that these data points were 
all sampled between the two tephras. Grain size data above and below the tephras 
was not available but is expected to follow the same trend.
RESULTS
Seismic data
3.5 kHz seismic reflection profiles from Big Arm Bay reveal an excellent 
record of high frequency Holocene lake level fluctuations. Hofmann et al. (in 
press) recognized six different seismic stratigraphic units (A-F) within the 
Flathead Lake basin of which four (C-F) reflect the post-glacial lake history (Fig. 
4-3). These authors interpreted seismic unit A, an assemblage of low amplitude 
chaotic reflectors, as glacial till deposited during the last glacial advance 
approximately 15,000 cal yr BP. Seismic units B and the lower part of C reflect the 
late Pleistocene deglaciation history of the lake basin. Unit B reflections were 
interpreted as glacial varves deposited during the retreat of the late Pleistocene 
Ice margin to the north between 15,000 and 14,000 cal yr BP. Similarly, some high
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amplitude reflections in the lower part of seismic unit C were interpreted as the 
large magnitude discharge events related to glacial retreat.
The upper part of seismic unit C and units D-F were deposited in a lake 
setting very similar to today's conditions and are of greater interest for this 
study. Hofmann et al. (in press) interpreted a high amplitude reflection within 
seismic unit C as the Glacier Peak tephra (13,180 ± 120 cal yr BP), providing one 
chronologic constraint. In the shallow areas of Flathead Lake and in Big Arm Bay 
in particular, several reflections of seismic unit C are truncated by the lowermost 
high amplitude parallel reflections of seismic unit D (Fig. 4-3). Interestingly this 
toplap geometry is not present in the deeper parts of the lake where unit D 
conformable overlies seismic unit C and the two seismic units are difficult to 
distinguish (Hofmann et al., in press). To date the age of the C-D contact we 
correlated it to the well-dated core FL-03-16K (Fig. 4-3). These data suggest that 
the unconformity was cut at about 10,000 cal yr BP. Moving up section, the 
uppermost high amplitude reflection of seismic unit D -  just below the contact 
between units D and E -  correlates to the Mount Mazama tephra (7,630 ± 80 cal 
yr BP). This younger tephra occurs in many of our sediment cores but is absent in 
cores from the shallow parts of the lake (i.e. water depths <18 m below present 
day lake surface). The contact between seismic units D and E coincides with an 
erosional unconformity that is reflected in the seismic profiles from Big Arm Bay
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(Fig. 4-3). Sub-unconformity reflections are truncated and the unconformity itself 
is onlapped by overlying reflections. Importantly, the upperm ost onlapped 
reflections coincide with the Mount Mazama tephra (7,630±80 cal yr. BP), 
providing a temporal constraint for this unconformity. In parts of the lake deeper 
than about 18 m below the modern day lake surface level this unconformity is 
commonly not developed and younger reflections appear to overlie older 
reflections conformably.
25'S lll
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Figure 4-3 (previous page): Uninterpreted (A) and interpreted (B) 3.5 kHz seismic 
profile from Big Arm Bay (for location see figure 4-1). Cores FL-03-14K, FL-03-15K, 
and FL-03-16K are located along this seismic transect. Seismic units B-F are well 
defined along this seismic profile. The position of the Glacier Peak tephra (GP) and 
the Mount Mazama tephra (MM) are highlighted. The Mount Mazama tephra was 
not recovered in core FL-03-14K The arrows mark onlap and toplap geometries that 
define the four main unconformities (I-IV) discussed in the text.
Other unconformities imaged further upsection in our seismic data set are less 
well defined. Among those is an unconformity with low angle onlap geometry 
within the low amplitude reflections in the upper part of seismic unit E. An age 
constraint of approximately 4,500 cal yr BP for this unconformity is provided 
from the core FL-03-16K chronology (Fig. 4-2). The stratigraphically youngest 
unconformity in the Flathead Lake basin was identified between seismic units E 
and F (Fig. 4-3). Reflections of seismic unit E are truncated at a low angle by the 
lowermost reflection of seismic unit F, the youngest seismic stratigraphic unit 
recognized in the lake basin. Hofmann et al. (in press) suggested that the 
lowermost high amplitude reflection of seismic stratigraphic unit F has a 
depositional age of ~1,700 cal yr BP, and thereby concluded that this date 
represents the minimum age of the unconformity.
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Sediment lithology and grain size 
Main lake basin (Core FL-00-9P)
We recovered core FL-00-9P from the center of the lake close to or on the 
eastern slope of the wide bathymetric bench (Fig. 4-1). From the bottom of the 
core, stratigraphy is defined by a series of cm-scale upw ard fining packages. Silt 
(median 10-20 pm) at the base of each package gradually fines upward into finer 
silt and clay (median <5 pm). Overlaying this approximately 100 cm thick section 
is the 3 cm thick Glacier Peak tephra (13,180 ± 120 cal yr BP). The stratigraphy 
up-core, between the Glacier Peak tephra and the Mount Mazama tephra (7630 ± 
80 cal yr BP), consists of a 234 cm long section of patchy and unevenly spaced 
black laminae. X-radiographs, however, image a much more regular spacing of 
laminaes at cm-scale (Sperazza, in prep.). Grain size between these two tephras 
shows significant variation (Fig. 4-4). An increase occurs from just after 
deposition of the Glacier Peak tephra until about 11,500 cal yr BP (520 cm below 
core top). At 11,500 cal yr BP we observed a hiatus in the core that lasted for 
approximately 400 years as suggested by grain size correlation between cores FL- 
00-9P and FL-03-16K. After the hiatus grain size data show relatively little 
variability (36-39% clay) before the median grain size increases by an average of 
about 8% at about 10,000 cal yr BP (475 cm below core top), coinciding with 
another hiatus (Fig. 4-4). Just above this break, grain size stays relatively
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consistent until about 8,400 cal yr BP (406 cm below core top). At this time there 
is a distinct decrease in grain size to a minimum median grain size of 2.4 pm at 
8,100 cal yr BP (393 cm below core top) followed by increasing grain size to 7,630 
cal yr BP, the age of Mount Mazama tephra deposition (Fig. 4-4). Just above the 
Mount Mazama tephra between 7,630 cal yr BP and ~ 7,000 cal yr BP grain size 
increases significantly represented by a drop of the clay percentage fro >30% clay 
to 20-25% clay. We interpreted these coarse grained deposits as syn- 
depositionally reworked (slumped) tephra. After 7,000 cal yr BP the grain size 
variability decreases and stabilizes at a level of approximately 34% clay until 
about 4,800 cal yr BP (222 cm below core top). From there until about 3,300 cal yr 
BP the grain size shifts to higher values (Fig. 4-4). At -3,300 cal yr BP there is 
another distinct drop in grain size and then a steady climb to the present with 
variability increasing through time. The sedimentation rate for the core section 
above the Mount Mazama tephra is fairly constant at about 0.45 mm/yr 
(Sperazza, in prep.).
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Figure 4-4: A: Graph shows percentage clay plotted against time (cal yr BP) for core 
FL-00-9P and core FL-03-16K. Grain size data for core FL-03-16K was only available 
between the two tephras. Hatched areas highlight abrupt decreases in percentage 
clay in the grain size record. Shaded areas mark the position of hiatuses in core FL-00- 
9P. The positions of the Glacier Peak tephra (GP) and the Mount Mazama tephra 
(MM) are marked by the dashed lines. Where grain size data from both cores are 
available, they show a good correlation between fining and coarsening trends.
B: Post-glacial lake level model for Flathead Lake. 878 m is the elevation of the 
natural spillpoint of Flathead Lake, 3 m below m odem  day lake level. Roman 
numbers (I-IV) correlate to the unconformities observed in the seismic record (Fig. 4- 
2) and letters C-E to the seismic stratigraphic units. Note the good correlation of 
decreased clay percentages from our grain size record to lake level lowstands 
interpreted from the seismic unconformities.
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Big Arm Bay (Cores FL-03-14K, FL-03-15K, FL-03-16K)
In Big Arm Bay we recovered a series of three cores (FL-03-14K, -15K and - 
16K) along a transect coinciding with one of the seismic reflection profiles that 
well displays the unconformities described above. The objective behind 
recovering these cores was to document sedimentologic changes along the 
unconformities recognized in the seismic record. Core FL-03-16K was recovered 
from the deepest part of a depression in Big Arm Bay (Fig. 4-1) well below the 
critical water depth and provides the most continuous record of late Pleistocene 
and early and mid-Holocene lake sedimentation. Cores FL-03-14K and FL-03-15K 
in contrast were recovered updip of core FL-03-16K in shallower areas of the 
bathymetric depression and have a shorter overall Holocene record, as expected 
given the depositional hiatuses in these shallower areas.
The total length of core FL-03-16K is 745 cm of which 661 cm are post 
Glacier Peak tephra deposits. The oldest stratigraphic unit above the Glacier 
Peak tephra is a suite of medium brownish gray (5yr 5/1) silts and clays (median 
<5 pm) with abundant mm-scale black banding. Notable changes in grain size 
occur between 11,800 cal yr BP (570 cm below core top) and 11,500 cal yr BP (550 
cm below core top) where we observed an increase in median grain size (6 pm - 8 
pm). Moving up core, grain size decreases abruptly to < 5 pm and remains at this 
level for the next 50 cm before gradually increasing (Fig. 4-4). This decrease in
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grain size coincides with a decrease in the abundance of black lamination in this 
part of the core. The rest of the core below the Mount Mazama tephra (258 cm) is 
dominated by very homogenous brownish gray (5yr 5/2) lake mud. Grain size is 
more variable and increases and decreases several times in this section of the 
core, with the median grain sizes changing between approximately 5 pm and 7 
pm (Fig. 4-4). The most distinctive of these grain size changes occurred at ~
10,000 cal yr BP (428 cm below core top) where median grain size decreased 
abruptly from ~ 7 pm to less than 5 pm. Immediately following this break, grain 
size shows another gradual increase before it shifts again to lower values at ~ 
9,200 cal yr BP (360 cm below core top). Just before deposition of the Mount 
Mazama tephra, we observed a significant increase the percentage of clay at 
-8,100 cal yr BP. Up core, above the Mount Mazama tephra, stratigraphy again is 
dominated by a homogenous lake mud with an increasing number of degassing 
structures towards the top of the core. Grain size data for this part of the core 
was not available but is expected to follow the trend of core FL-00-9P.
Geomorphologic evidence
Several onshore lake terraces were recognized during 1:24,000 scale 
mapping of Quaternary geology just south of Flathead Lake. One of the most 
distinct lake terraces in the Flathead Lake Basin is perched at 902 m elevation,
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Flathead Lake
902m terrace
Figure 4-5: A: Profile along Highway 35 showing ancient lake terraces south of 
Flathead Lake. The 902 m terrace is the best pronounced lake terrace in the lake basin 
about 20 m above the m odem  day lake surface level. On the aerial photograph we 
outlined the profile line along H wy 35, the terrace 902 m terrace scarp and the southern 
shoreline of Flathead Lake.
B: Photograph of the imbricated boulders of Buffalo Basin. Flow direction of present 
day Flathead River is to the south (left), in conjunction with the alignment of the 
boulders. Note person in the center of photograph for scale.
about 20 m above the m odem  day lake level (Fig. 4-5 A). To form such a 
pronounced terrace, the lake surface had to remain at this level for a significant 
period of time. We didn 't find any other lake terrace between the 902 m terrace 
and the m odem  day lake surface level. Instead, this area is dominated by a 
gently lakeward sloping slope (Fig. 4-5 A), suggesting that lake level did not 
stabilize at one distinct level for a longer period of time but rather gradually 
lowered to levels similar to today's or lower.
Other onshore geologic features that appear to reflect the lake level history 
of Flathead Lake are present in the Buffalo Basin, a several km wide topographic 
basin at the mouth of a narrow bedrock canyon, down gradient from Flathead 
Lake (Fig. 4-1). Immediately downstream of the bedrock canyon, scores of meter-
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scale boulders rest depositionally on the Flathead River floodplain (Fig. 4-5 B). 
Many of the boulders are imbricated in a downstream direction, and all are 
composed of the canyon wall lithology. Although the precise depositional timing 
of the boulders is uncertain, it clearly post-dated the last glacial advance of the 
Cordilleran Ice Sheet and establishment of the lower Flathead River floodplain. 
Approximately 11 km below the Buffalo Basin near Sloan bridge (Fig. 4-1), a 
small fluvial terrace built atop glacial Lake Missoula sediment contains a 2 cm 
thick layer of Glacier Peak tephra (Levish, 1997). The occurrence of the tephra 
requires that most of the erosion of glacial Lake Missoula sediments in the lower 
Flathead River valley, including those in the Buffalo Basin, occurred prior to 
13,180±120 cal yr BP (Levish, 1997).
DISCUSSION
Lake level model
The post glacial lake level model for Flathead Lake clearly is one of high 
variability (Fig. 4-4B). The high clay content in cores FL-00-9P and FL-03-16K 
typical for d ep osition  very  distal to the source (Fig. 4-4A), and geom orphologic  
evidence from the lake terraces suggest that the lake was at a significant higher 
level (902 m) during the deposition of lower seismic unit C, pre-dating the
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deposition of the Glacier Peak tephra (13,180 ± 120 cal yr BP). Erosion associated 
with the formation of the 902 m terrace likely also only reworked older 
Pleistocene lake sediments, sending relatively fine-grained sediments into the 
lake basin. The boulder field in the Buffalo Basin combined with the results from 
Sloan Bridge and the grain size record from the lake itself permits the 
interpretation that a significant lowering of lake level occurred in a catastrophic 
fashion just before the deposition of the Glacier Peak tephra and then continued 
to gradually lower between -13,000 cal yr BP and -  10,000 cal yr BP. The gradual 
lowring of the lake level is indicated by the slow increase in grain size following 
deposition of the Glacier Peak tephra (Fig. 4-4). Associated with this gradually 
increasing grain size and the drop in lake level are the gently basinward sloping 
lake terraces found between the 902 m and the modern lake elevations. Similar 
late Pleistocene and early Holocene lake level lowering are frequently reported 
from lakes in the northern Great Plains (e.g. Valero-Garces et al., 1997) or the 
Rocky Mountain region (e.g. Colman at el., 2002) and occurred as an aftermath of 
deglaciation in the region.
At the seismic unit C -  D contact (-10,000 cal yr BP), seismic data reveals a 
first Holocene unconformity (unconformity I; Fig. 4-3) coinciding with a decrease 
in medium grain size in core FL-03-16K and a hiatus in core FL-00-9P (Fig. 4-4A). 
The mechanism behind the formation of unconformity I is controversial. Top lap
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geometries of seismic reflections are commonly the result of erosion, implying a 
position close to the erosional wave base or the lake surface respectively 
(Mitchum et al., 1977; Vail et al., 1977). Interestingly, low lake levels as a response 
to hydrological changes are reported from many lakes across the northern Great 
Plains (e.g. Valero-Garces and Kelts, 1995; Laird et al., 1996) and Alberta, Canada 
(Beierle and Smith, 1998) during the early Holocene. Although the timing of 
these reduced lake levels varies among localities and does not necessarily 
correlate with that of Flathead Lake, it supports the general trend in lake 
development for the northern Rocky Mountains and northern Great Plains 
region during this time. The magnitude of this early Holocene lake lowering in 
Flathead Lake remains unknown, because uncertainties in wind speed and 
direction preclude estimates of surface wave sizes and thus wave base. We 
speculate that the hiatus in core FL-00-9P that coincides with unconformity I 
could have been caused by the decrease in confining pressure due to the lake 
level lowering resulting in slope destabilization and slumping. The abrupt shift 
in grain size in core FL-03-16K is consistent with an abrupt rise in lake level after 
the long term Holocene lake level lowering (Fig. 4-4).
An alternative hypothesis that needs to be considered is the possibility 
that the architectural and sedimentological observations at 10,000 cal yr BP are 
the product of seismicity in the region. The eastern side of Flathead Lake is
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bounded by the Mission Fault, a major down-to-west Basin and Range normal 
fault with significant documented prehistoric offset and associated seismicity 
(Ostenaa et al., 1995; Hofmann et al., in review). In addition to normal or oblique- 
normal movement along the Mission Fault, strike slip movement along a fault 
recognized in the Big Arm Bay area (Hofmann et al., in review) could have 
resulted in the formation of a high surge tsunami wave. Earthquake triggered 
tsunami waves are not uncommon in large lake basins and have been well 
studied in Lake Tahoe (e.g. Ichinose et al., 2000). The deep wave base of such a 
destructive wave could have eroded some of the sediments, resulting in the 
observed seismic reflection toplap geometry without necessarily lowering the 
lake level. The hiatus in core FL-00-9P associated with unconformity I could have 
been caused by slumping or another type of slope destabilization triggered by 
the ground shaking. In our opinion both the climate forcing and seismicity- 
related interpretations for the -10,000 cal yr BP unconformity have to be taken in 
account and even a combination of both mechanisms can't be disregarded.
Above unconformity I lake level stabilized near the modern day level for more 
than 2,000 cal yr BP (Figs. 4-3, 4-4). Less dramatic grain size changes across the 
lake basin during this time and a drape of high amplitude parallel seismic 
reflections (unit D) both suggest a relatively quiescent period.
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At ~8,100 cal yr BP we observe a significant shift in grain size to a higher 
percentage of clay (Fig. 4-4A). The suite of observations observed from seismic 
refletion profiles, onshore mapping, core sedimentology, and hydrologic and 
geochemical modeling all consistently suggests the interpretation that the 
Flathead Lake level fell 15 m below the 878 m spill point (18 m below modern 
day lake level) immediately following deposition of the Mount Mazama tephra 
at 7,630 cal yr BP (Fig. 4-4). As seen in the reflection seismic data (Fig. 4-3), the 
well defined erosional unconformity II, with post Mount Mazama reflections 
onlapping the high amplitude Mount Mazama reflection, is the outcome of this 
significant lake-level drop. The deposition of the onlapping reflections is 
interpreted to have occurred close to the lake surface (Mitchum et al., 1977), but 
the character of the parallel seismic reflections suggest a low energy depositional 
environment (Sangree and Widmier, 1979) below the wave base. Core and 
seismic records from shallow parts of the lake (FL-03-14K, FL-03-15K) show a 
progressively more significant hiatus than deeper parts of the lake basin. We 
didn't observe any significant change in grain size across unconformity II, 
probably because both of our best studied cores, core FL-00-9P and FL-03-16K, 
were recovered from parts of the lake that were significantly below the proposed 
low lake level and thus below the critical water depth needed to register these 
changes.
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Following this series of fluctuations in lake surface level, lake level again 
stabilized close to the modern day level which was then maintained throughout 
the rest of the Holocene with some smaller scale fluctuations in the middle (4,800 
cal yr BP) and late Holocene (1,700 cal yr BP), respectively (Fig. 4-4). At both 
occasions lake level dropped to a lower level, as inferred from clearly defined 
unconformities in the seismic data set (Fig. 4-3), and then rose back towards the 
modern day level. The lowering at 4,800 cal yr BP (unconformity III) is marked 
by a significant decrease in the clay fraction in core FL-03-9P (Fig. 4-4A), 
suggesting a more proximal source area during a lower lake level. This lowering 
event in Flathead Lake correlates well with other late mid-Holocene lake level 
lowstands in lakes in the northern continental USA (Valero-Garces et al., 1997, 
Booth et al., 2005), and in Ontario, Canada (Yu et al., 1997). Thus it likely reflects 
a lake level lowering as a response to a shift in climate rather than a local event, 
especially because detailed analysis of imaged sub-bottom faults and trenching 
studies of the Mission Fault both suggest a lack of tectonic activity in the 
Flathead Lake basin at this time (Hofmann et al., in review). Records from other 
regions around the world also suggest a shift in climate during this time period 
(e.g. Axford and Kaufman, 2004; Mayewski et al., 2004; Booth et al., 2005). Lake 
level returned back to present day values at about 3,400 cal yr BP as suggested by 
the shift in grain size and the seismic reflection profiles (Figs. 4-3, 4-4). There it
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remained fairly stable until the late Holocene when lake level dropped again at 
1,700 cal yr BP. This latest lowstand is inferred from the youngest observed 
unconformity (IV) in the lake basin and corresponds to a significant coarsening 
of grain size in core FL-00-9P (Fig. 4-4A). Low angle top lap geometry in the 
reflection seismic record suggests an erosional unconformity within wave base 
(Mitchum et al., 1977). Changes in grain size reflect the increasing wave energy 
during the lower lake stage. At ~ 1,200 cal yr BP lake level rose rather abruptly 
back to its modern level. No extreme drop in lake level has occurred since ~1200 
cal yr BP, as suggested by the drape like seismic reflections associated with 
seismic facies F (Fig. 4-3; Hofmann et al., in press). This abrupt change to higher 
lake levels and development of a generally more stable climate is consistent with 
several studies from across the northern Great Plains that also suggest a general 
decrease in drought variability after -1,200 cal yr BP (e.g. Overpeck and Webb, 
2000).
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THE 7,600 CAL YR BP LOWSTAND AND ITS CAUSING 
FACTORS
As outlined in the lake level history above, lake level dropped 15 m below 
the natural spillpoint to a level of approximately 863 m just after the Mount 
Mazama tephra deposition (Figs. 4-3, 4-4). This lowstand is well constraint by 
our data set and we interpreted it to be the most significant in the post-glacial 
history of the lake. Hydrological and chemical modeling discussed below, will 
provide the boundary conditions for the quantitative evaluation of this major 
lake lowstand. By comparing our results to other studies from around the world 
we will eventually discuss possible causing factors of this lake level drop.
Hydrologic modeling for the 7,600 cal yrB P  lake lowstand
Annual average flow rates of Flathead River just upstream of Flathead 
Lake (USGS gauging station Columbia Falls) range between 5,000 cfs (-140 m3/s) 
during dry years and more than 14,000 cfs (-400 m3/s) during years with high 
annual precipitation. Peak flows during spring runoff regularly exceed 60,000 cfs 
(1,700 m3/s) and recorded maximum flows have exceeded 100,000 cfs (2,830 m3/s) 
in some years (Fig. 4-6). Meterological records from nearby weather stations in 
the watershed report an average annual precipitation of 92 cm (36 inches) for the
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entire Flathead River catchment basin (Fig. 4-6). Low precipitation during dry 
years ranges about 53 - 65 % below the annual average precipitation, while 
during wet years precipitation peaks at about 150 - 160 % of the annual average 
precipitation. Evaporation rates in the catchment basin are recorded with an 
annual average of 46 cm (LaFave et al., 2004). Pan evaporation studies in nearby 
areas suggest much higher evaporation rates of -109 cm in open, non-vegetated 
areas, such as right above the lake surface. At these present conditions more than 
90% of the lake inflow is surplus and flows out of the lake basin through the 
lower Flathead River.
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Figure 4-6: Historic average flowrates and precipitation rates from several weather 
stations in the Flathead Lake watershed and the Columbia Falls gauging station 
upstream of Flathead Lake. Precipitation in the Flathead Lake basin is linearly related 
to flow rates of the Flathead River. The best-fit linear trendline (y = 0.0027x + 6.679) 
has a R2 = 0.6764.
184
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The lake level dropped 15 m below the natural spillpoint (18 m below present 
day level) at the significant lowstand at 7,600 cal yr BP (Figs. 4-3, 4-4). This 
correlates to a lake volume loss of about 25%, enough to expose the shallow 
Poison Bay and many parts of the Big Arm Bay. We created a simple hydrologic 
model to simulate the rivers discharge conditions that are required to initiate a 
lowering of lake level and to calculate the time that is needed to drop the lake 
level 15 m. To determine the conditions during which the lake level starts to 
lower, we simulated the effect of three different evaporation rates on the inflow 
capacity (Fig. 4-7). Using the present day evaporation rate (109 cm) a minimum 
inflow of 605 cfs (-17 m3) is required to maintain the lake level at the natural 
spillpoint at 878 m. Inflow below 605 cfs (-17 m3) at this evaporation rate resulted 
in a negative modeled water budget (<1) and lowering of the lake surface (Fig. 4- 
7). By increasing the modeled evaporation rate to 150 cm, the minimum 
discharge of Flathead River into the lake had to be increased to 833 cfs (-23 m3) to 
maintain the lake level at the spillpoint level. A modeled decrease in discharge to 
levels below 833 cfs (-24 m3) resulted in a progressive lowering of lake level (Fig. 
4-7). Finally for even higher evaporation rates of 200 cm the flow required to 
maintain the lake level exceeded 1100 cfs (-31 m3) or about 20% of modern day 
minimum average flow rates. Flow rates below this threshold again resulted in 
the lowering of the lake level (Fig. 4-7).
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Figure 4-7: A: Graph showing the water budget versus annual flow rates. A positive 
water budget (>1)  is required to refill the lake. The threshold value (1) correlates to 
different flowrates dependent on the annual average evaporation (modeled for 109 
cm, 150 cm , 200 cm annual average evaporation). Flows below these thresholds cause 
a negative water budget (<1) and result in lowering of lake level through time.
Chemical modeling for the 7,600 cal yr BP lake lowstand
At present conditions (pC02 = 350 ppmV, 4°C, pH = 8.0) virtually all 
mineral phases that might reasonably precipitate are below saturation (SI < 0, 
Table 4-2). Calcite is well below saturation at present conditions (Fig. 4-8), 
suggesting that it would not presently precipitate from open Flathead Lake 
waters by inorganic processes. However, calcium carbonate does presently 
precipitate from lake water in areas where photosynthesis reduces dissolved CO2 
(Moore, 1983). Calcium carbonate is found in nodules in shallow areas of the 
Flathead River delta and on the underside of rocks in some marginal areas. To
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determine SI of carbonates during the proposed lake level lowering MINTEQ 
was run based on modern lake chemistry. Progressive modeled lake level 
lowering resulted in increasing modeled calcite concentrations. Concentration 
factors for calcite stayed low during model runs that kept the lake level above the 
natural spillpoint. As lake level dropped below the natural spillpoint elevation, 
the concentration factor increased as a function of lake volume decrease and 
discharge rates of the Flathead River. Higher modeled discharge rates during 
lake level lowering in this regard resulted in higher calcite concentrations and 
vice versa (Fig. 4-8).
Calcite is the only phase that seemed likely to precipitate during past 
climate conditions as shown by results from other carbonate mineral phases that 
are reported here for modeled lake water concentration factors. All carbonate 
mineral phases remain under saturated at concentration factors of 2 times or less 
for both temperatures (4°C and 10°C) (Table 4-2).
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Figure 4-8: A: Graph showing the relationship between the saturation index and the 
concentration factor for calcite at temperatures of 4° C and 10° C. At concentration 
factors between 1 (present day) and 2, calcite stays in solution. At higher 
concentrations factors calcite is expected to precipitate out of the water column. For 
other solvents see table 4-2. B: To suppress calcite precipitation the maximum 
concentration factor for calcite is 2. At different evaporation rates this concentration 
factor won't be reached if the lake lowering occurred within a very short period of 
time. Our model shows that for evaporation rates of 109 cm (present day 
evaporation) calcite will stay in solution if the lake level lowering occurred in less 
than 40 years. For higher evaporation rates and similar concentration factors these 
numbers will be even lower. C: To lower the lake level in a given time, the average 
annual inflow into the lake has to be reduced significantly. For example, to lower the 
lake in less than 40 years, given an evaporation rate similar to today's (109 cm), 
inflow rates of 425 cfs or less are required.
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M ineral 4°C 10°C
1.0X Sat. Index Sat. Index
Aragonite -0.622 -0.539
Calcite -0.482 -0.399
Dolomite -2.174 -1.886
MgCOa • 5H 2O -4.702 -4.651
1.5X
Aragonite -0.461 -0.378
Calcite -0.321 -0.238
Dolomite -1.874 -1.586
MgCCb • 5H2O -4.563 -4.512
2.0X
Aragonite -0.349 -0.267
Calcite -0.209 -0.127
Dolomite -1.627 -1.34
MgCCb • 5H 2O -4.428 -4.376
2.5X
Aragonite 0.359 0.465
Calcite 0.499 0.605
Dolomite -0.217 0.117
M gC03 • 5H 2O -3.727 -3.652
Table 4-2: Saturation Indices for Flathead Lake water at 
different temperatures and concentration factors (1.0X is 
present conditions). Negative values are under saturated 
and positive values are over saturated.
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Reconstruction and quantitative evaluation o f the 7,600 cal yr BP lake lowstand
Climatically-forced significant and rapid lake level drops are common and 
reported from many large lakes around the world. For example, Lake Malawi 
underwent a lake level drop of 100-150 m within as little as 400 years during the 
early Holocene (Finney and Johnson, 1991), as a response to a decreased 
moisture level of ~30% (Owen et al., 1990). D'Agostino et al. (2002) and Seltzer et 
al. (1998, 2000) described a lowstand of Lake Titicaca related to early and mid 
Holocene aridity in Lake Titicaca and the tropical Andes. The 85-100 m surface 
elevation drop of Lake Titicaca was probably produced by a decrease in effective 
moisture of 30-40% relative to modern levels (Cross et al., 2001). Although both 
of these examples are from regions of lower latitude, they still demonstrate that 
major lake level changes in big lakes easily can be caused by a decrease in 
effective moisture.
Drawing from such analogies, we infer that a distinct increase in 
evaporation linked with a significant decrease in precipitation caused the 15 m 
drop in Flathead Lake level (25% volume loss) over a very short period of time 
approximately 7,600 cal yr BP ago. Major constraints for our model are provided 
by the occurrence of the very distinct unconformity II in the seismic data set and 
a lack of significantly increased calcite content in our core records just before or 
after the deposition of the Mount Mazama tephra. Evaporation of large volumes
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of water from lakes over long periods of time commonly results in an increase of 
solvents and precipitation of a carbonate phase from the water column, as 
observed in many big lakes during significant lowering events (Finney and 
Johnson, 1991; Colman, 2002). The absence of such a carbonate layer following 
the lowstand provides a useful tool for constraining both the magnitude and 
duration of the lowstand itself.
To suppress carbonate precipitation in the lake basin our chemical model 
suggests that the CaCCh concentration factor had to be less than -2.2 times the 
modern day values (Table 4-2; Fig. 4-8). Higher concentration values would 
trigger calcite precipitation in the lake basin and should result in a significant 
increase in carbonate phases in the sediments. For Flathead Lake these low 
concentration factors translate into rapid lake level lowering events. Although 
the complexity of the aquifers upstream of Flathead Lake is not completely 
understood LaFave et al. (2004) clearly demonstrated that the main source of 
Flathead Lake water comes from surface discharge of the upper Flathead River. 
As a consequence, to lower Flathead Lake, it is necessary to reduce the inflow of 
this main tributary significantly. Assuming a modern day evaporation rate above 
the lake surface of 109cm the minimum discharge required to refill the lake is 605 
cfs (17 m3) (Fig. 4-6). To lower the lake flow rates had to be below this minimum 
discharge rate. At a concentration factor of 2, inflow had to be reduced to 425 cfs
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(12 m3/s), well below modern day minimum average discharge rates of 5,470 cfs 
(155 m3/s), but within the range of common summer and fall discharge rates 
(-1,500 cfs, -42 m3). With these low inflow rates, lake level would have dropped 
within 40 years to a level of 15 m below the natural spillpoint. More likely, 
evaporation rates were increased as a response to decreased precipitation during 
the mid-Holocene. Higher evaporation rates of 150 cm or 200 cm naturally allow 
higher inflow rates (833 cfs / -24 m3; 1111 cfs / -31 m3) to maintain the lake level 
at the spillpoint. To suppress carbonate precipitation at these higher evaporation 
rates, our model suggests that the drop in lake level is required to occur between 
26 years and 19 years respectively (Fig. 4-8). Taking these numbers, the 
maximum inflow into the lake basin during this time had to be reduced to 600 cfs 
(17 m3) and 812 cfs (23 m3), respectively.
Historic precipitation measurements from the area and flowrates of 
Flathead River show that both are related linearly (y = 0.0027x + 6.679; R2 = 
0.6764) (Fig. 4-6). Using this linear relationship and projecting it to our modeled 
flow rates, we suggest that precipitation dropped to levels between 20% - 25% of 
the average present day total precipitation of 36 inches/year or 40% - 50% of 
historic minimum annual precipitation rates (19 inches/year).
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Many studies from North America suggest that the mid-Holocene was a 
time of relatively dry and warm conditions (e.g. Bradbury et al., 1993). Studies 
from southern Alberta, Canada show that mid-Holocene glaciers were reduced 
to a minimum and/or even didn 't exist at all in many high altitude valleys within 
Banff National Park (Beierle and Smith, 1998). Similar conclusions suggesting an 
ice-free early and mid-Holocene were drawn by Carrara (1986) from studies in 
Glacier National Park. Thus it is perfectly reasonable to conclude that the lower 
altitude mountains in the Flathead Lake watershed were largely free of ice and 
snow during the mid-Holocene and that winter precipitation was reduced and 
spring runoff was at a minimum. The resulting low spring runoff rates would 
drop average flow rates of Flathead River to rates as low as about 1,480 cfs (42 
m3) without reducing summer precipitation. Such low flow-rates would suggest 
that the annual mid-Holocene average precipitation was already reduced to ~ 
60% of present day low precipitation and that it was only necessary to reduce the 
total precipitation by -20% of the mid-Holocene precipitation rates to create this 
significant drop on lake level.
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Climate during the 7,600 cal yr BP event - Was it  a megadrought?
The severe drought event at approximately 7,600 cal yr BP that we 
interpret from our data sets appears to be unmatched in magnitude in North 
America throughout the late Pleistocene and the Holocene (Laird et al., 1996; 
Hughes and Funkhouser, 1998; Overpeck and Webb, 2000; Stahle et al., 2000; 
Smith et al., 2002). Our model results suggest that drought conditions lasted for 
several decades and produced discharge rates of the Flathead River ranging 
between 5% and 20% of today's minimum average annual flows (Fig. 4-8). 
Importantly, drought records at or near 7,600 cal yr BP are recorded at multiple 
locations in the vicinity of our study area (Fig. 4-9). A significant lake lowstand, 
that likely reflected the lowering of the groundwater table as a respond to 
drought conditions is clearly recorded in a high-resolution seismic data set from 
Foy Lake, a small closed lake basin in northwest Montana (Colman et al., 2003). 
Seismic reflections post-dating the well constrained Mount Mazama tephra onlap 
this prominent reflection and thereby suggest a significant drop in lake level. 
Another record of low lake level and inferred drought conditions in the Rocky 
Mountain Region is provided by sediment core data and high-resolution seismic 
data interpretations from the Great Salt Lake, Utah (Spencer et al., 1984; Colman 
et al., 2002). Onlap geometries of seismic reflectors suggest that Great Salt Lake 
water levels dropped significantly below present day lake levels just before or
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during the deposition of the Mount Mazama tephra and that, in fact, the lake 
basin might have been totally dry (Colman et al., 2002).
The oxygen and carbon isotope record of a detailed lake study from Jones Lake 
near Ovando, Montana, just east of the study area, revealed a prominent 
negative excursion just above the Mount Mazama tephra (Shapley, 2005). 
Average sedimentation rates in this lake suggest that this anomaly was sustained 
for approximately one century or less. Shapley (2005) suggested that a relative 
refreshing event in the lake caused the shift in the isotope record. We believe that 
this refreshing event in the Ovando lakes may correlate to the post lowstand 
refilling of Flathead Lake.
A sediment core record from six lakes in southern Alberta, Canada 
documents a significant mid-Holocene lowering of the regional water table in 
excess of 6.5 m (Beierle and Smith, 1998). Peat formation increased in several of 
these lakes just around 7,600 cal yr BP, reflecting low water levels. An angular 
unconformity caused by subaerial exposure of the lake sediments just below the 
Mount Mazama tephra was interpreted to reflect the complete desiccation of 
Cartwright Lake, one of the closed lake basins in southern Alberta. Refilling of 
Cartwright Lake and the other lake basins did not occur until after the deposition 
of the tephra (Beierle and Smith, 1998). These authors also reported an extreme 
increase in the abundance of charcoal in sediments accompanying the Mount
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Mazama tephra, suggesting a significant increase in fire frequency due to 
extremely dry climate conditions. A similar interpretation of a large magnitude 
mid-Holocene drought comes from the study of lacustrine sedimentary 
sequences from Crowfoot Lake in Banff National Park, Alberta, Canada. There a 
major shift in sedimentation style immediately before and after the deposition of 
the Mount Mazama tephra suggest an interval of greatly reduced ice volume in 
Banff National Park and likely the warmest and driest period of the entire 
Holocene record (Leonard, 1986). Deposits of Mount Mazama tephra also are 
prominent within many dune and loess deposits in northern Oregon and 
southern Washington, USA (Sweeney et al., 2005), suggesting an increased 
desertification during this time period west of the study area.
Postglacial climatic conditions as inferred from sediment cores from Big 
Lake in southern British Columbia show that the climate in British Columbia 
changed just after the deposition of the Mount Mazama Tephra (Bennett et al., 
2001). A relative increase in moisture content is inferred from the change in 
diatom assemblage, a small increase and greater variability in biogenic silica and 
pigments, and higher percentages of arboreal pollen. In particular, several peaks 
in pigments (diatoxanthin, chlorophyll a, chlorophyll b, alpha carotene) just 
above the Mount Mazama tephra suggest an abrupt short freshwater event.
196
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A pollen record from Little Swift Lake in southwestern Alaska reveals a 
shift in temperature and moisture content at about 7,600 cal yr BP (Axford and 
Kaufman, 2004). The abrupt increase of the Alnus pollen percentage suggests an 
abrupt shift to cool and moist climate in southwestern Alaska. Dry climate 
conditions are also observed in Lake Huron, where a significant lake lowstand 
was dated at 7,450 -  7,800 cal yr BP (Moore et al., 1994). In Lake Huron several 
seismic reflectors have been identified as representing erosional surfaces caused 
by post-glacial lake level lowstands; one of the major unconformities is 
constrained at 7,450 -  7,800 cal yr BP. A period of decreased moisture content 
caused an increase in varve thickness in Elk Lake, Minnesota at about 7,600 cal yr 
BP (Bradbury et al., 1993). A cold and dry climate in the vicinity of Elk Lake was 
also indicated by the oak pollen concentration in the pollen record of Elk Lake 
(Bartlein and Whitlock, 1993) and a high salinity and cold water ostracode 
population at about 7,600 cal yr BP (Foresters et al., 1987).
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January
Figure 4-9: Map of parts of North America listing climate studies in the proximity of 
the study area in more detail. Stars show location of studies that reported unusual 
dry conditions, while circles show relatively wet conditions at -7,600 cal yr BP. 
Numbers are average precipitation rates in cm for January (top) and July (bottom) 
plotted on the respective map. Arrows show direction of main wind flow. Gray 
shaded area on January map highlights the area influenced by increased winter 
westerly flow. References for all listed studies are given in text.
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Interpretations of abrupt climate changes at about 7,600 cal yr BP are not 
confined to the proximity of our study area or even North America, but rather 
have been reported from around the world (Fig. 4-10). Monsoon strength of the 
Asian southwest monsoon was low at this time as it is reflected by a decreased 
dolomite percentage in the Arabian Sea (Sirocko et al., 1993). Similar results of 
monsoon activity have been reported from southern China where Wang et al. 
(2005) correlated changes in oxygen isotope ratios to changes in monsoon 
activity. At the same time sea surface temperatures in the North Atlantic were 
unusually cold (Gupta et al., 2003; Mayewski et al., 2004). An ice-core record 
from the rim and summit plateaus of Kilimanjaro in Africa contains a 
significantly abrupt increase in dust concentration and a shift to less negative 
oxygen isotope values at -7,600 cal yr BP (Thompson et al., 2002). These shifts 
were caused by an abrupt decrease in precipitation that resulted in a short lived 
drought period. At the same time speleothems from the Soreq cave, Israel, show 
an abrupt drop to the lowest 6lsO values reported throughout the Holocene (Bar- 
Matthews et al., 1999). These low 5lsO values were interpreted to reflect a period 
when annual precipitation was extremely high in this Eastern Mediterranean 
region (Bar-Matthews et al., 1997) and the Negev desert boundary was located 
south of its m odern day position (Goodfriend, 1991).
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In South America Baker et al. (2001) reported a decrease in benthic diatoms at 
about 7,600 cal yr BP in Lake Titicaca that these authors linked to an increased 
lake level and wet conditions in Bolivia and Peru. An increase in river discharge 
of the Amazon River, inferred from changes in the oxygen isotope values of 
planktonic foraminferas also suggests wetter conditions (Maslin and Burns, 
2000).
January
Figure 4-10: World maps showing the present day January (left) and July (right) 
average precipitation rates (map modified from CCM0 model climate output 
visualization (http://www.ncdc.noaa.gov/paleo/modelvis.html)). High precipitation 
rates are plotted in dark, low precipitation rates are light shades. Stars represent 
climate studies discussed in the text that reported abrupt dry conditions at 7,600 cal yr 
BP, while circles correspond to abrupt relatively wet conditions at the same time. Note 
that this map is not a comprehensive map of all climate studies available, but rather 
show s only the studies that reported abrupt and short-lived changes of climate at 
around 7,600 cal yr BP. Studies not reported on this map very often do not have a high 
enough resolution of data points to report the 7,600 cal yr BP event. References for all 
listed studies are given in text.
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Causes o f 7,600 cal yr BP megadrought
Abrupt Holocene climate changes have been documented from many 
locations around the world (e.g. Alley et al., 2003; Mayewski et al., 2004; Alley 
and Agustsdottir, 2005). The causes of such climate events are variable and are 
commonly explained by changes in ice-sheet dynamics and their effect on ocean 
circulation (e.g. Alley et al., 2003), solar forcing (e.g. Claussen et al., 1999), or 
internal variability of the ocean -  atmosphere system such as changes in SST or 
the magnitude and frequency of ENSO events (e.g. Schubert et al., 2004; Booth et 
al., 2005).
In the present study however, we will discuss the significance of volcanic 
forcing as a cause of the severe drought in North America and synchronous 
climate change throughout the world. The GISP2 ice core from Greenland 
revealed an increase of volcanic aerosols at about 7,600 cal yr BP (Zielinski et al., 
1996), coinciding with the eruption of Mount Mazama and resulting in one of the 
highest SO4 residual concentrations during the Holocene (Mayewski et al., 2004). 
We suggest that this increase in volcanic particles and aerosols caused a 
tremendeous change in climate at about 7,600 cal yr BP that lasted for several 
decades.
Increase of volcanic aerosol residuals in the atmosphere is known to 
influence climate by increasing reflection of incident sunlight back into space,
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causing a cooling effect at the earth's surface (McCormick et al., 1995). Historic 
data show a convincing link between volcanic eruptions and cool summers and 
drought periods. For example the Tambora volcanic eruption in the early 18th 
century was followed by the "year without summer" in the USA (Landsberg and 
Albert, 1974). Similarly, Chang and Wang (2003) correlated several volcanic 
eruptions to very low precipitation years in Taiwan with precipitation in Taiwan 
ranging between 50% and 75% of the annual average during these years. 
Increases in volcanic aerosol concentration in the atmosphere decreases the water 
vapor evaporation from oceans due to sea surface cooling (Chang and Wang,
2003) and hence will decrease the water vapor concentration in the atmosphere 
(Soden et al., 2002). We believe that this historically observed drought effect of 
volcanic eruptions played a significant role for the major 7,600 cal yr BP 
megadrought that we report from the northern Rocky Mountain Region. The 
widespread occurrence of a thick blanket of volcanic tephra from the Mount 
Mazama eruption suggests that this was one the largest volcanic eruption from 
the Cascade Range within the last one million years and was, moreover, 
unmatched in magnitude by any historic eruption. The cooling and drying effect 
after big historic volcanic eruptions generally lasted for one to three years 
(Chang and Wang, 2003). We infer that an eruption of the scale of Mount 
Mazama easily could influence climate for decades or trigger changes in ocean
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oscillation. We suggest that the observed increased volcanic aerosol 
concentration during the Mount Mazama time likely caused a similar reaction as 
during historic time, resulting in a cooling effect and a decrease in water vapor in 
selected regions such as the Northern Rocky Mountain region.
Changes o f Atmospheric Pattern (years w ithout summer)
The reports on many abrupt climate shifts at 7,600 cal yr BP suggest that 
the extremely large volcanic eruption of Mount Mazama caused a worldwide 
shift in climate that lasted for decades. We suggest that the volcanic particles and 
SO4 aerosols were concentrated more significantly in the northern hemisphere 
than in the southern hemisphere causing a southward shift of the atmospheric 
pressure zones. A decrease in effective solar radiation near the Earth's surface 
due to the increased sunlight reflection caused cooler conditions in the northern 
hemisphere, associated with a southward shift of the mid-latitude high pressure 
zone. The shift of the northern hemisphere high pressure zone to the south 
forced a shift of the low pressure ITCZ to the south resulting in long lasting 
relative winter like conditions in the northern hemisphere and relative summer 
conditions in the southern hemisphere. Interestingly, during such suggested 
northern hemisphere winter conditions at about 7,600 cal yr BP, all evaluated 
climate studies correspond to the existing conditions (January map on Figs 4-9, 4-
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10). On the other hand the observed climate changes contradict with present day 
summer conditions (July map on Figs 4-9, 4-10). For example, cool conditions in 
the northern hemisphere would cause an increase in atmospheric westerly flow 
in the Northern Rocky Mountains (Fig. 4-9) a decrease in monsoon activity in 
southeast Asia, and decreased moisture contents in western Africa at the same 
time (Figs. 4-9, 4-10). Similarly, South America would expected to be influenced 
by the increased moisture contents and Israel would be expected to experience 
the observed unusually moist conditions.
Stronger westerly atmospheric flow in parts of North America is 
interpreted to have interrupted the flow of air masses from the Gulf of Mexico 
resulting in a change in varve thickness in Elk Lake, an extreme lake lowstand in 
Moon Lake and hydrologic changes in other lakes of the northern Great Plains 
(Fig. 4-9; Webb et al., 1983; Bradbury et al., 1993; Valero-Garces et al., 1997). We 
suggest that these stronger westerlies mostly carried dry air masses into the 
northern Rocky Mountains as result of a decreased water vapor evaporation 
caused by the volcanic eruption. As a result conditions in the study area and 
other parts of the northern Rockies became extremely dry, while at the same time 
coastal areas near the shore experienced a relative increase in moisture content 
due to the increase of atmospheric westerly flow. In conjunction with an already 
dry and warm mid-Holocene period and low snowpack during this time
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(Leonard, 1986) and hence already low annual average flow rates, the volcanic 
forcing caused an even greater decrease in annual average flow rates, eventually 
resulting in the lake level lowering of Flathead Lake.
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CHAPTER 5
Chronology of late Pleistocene and Holocene events in the Mission 
and Flathead Valleys: a summary
213
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SUMMARY
Integrated analysis of high-resolution seismic reflection profiles, sediment 
cores and onshore geologic mapping has demonstrated that the Flathead and 
Mission Valleys, and Flathead Lake in particular, underwent a very colorful late 
Pleistocene and Holocene geologic history. During the last glacial maximum, the 
Flathead Lobe of the Cordilleran Ice sheet advanced twice down the Flathead 
Valley to its terminal position just south of present day Flathead Lake. Two sets 
of late Pleistocene alpine moraines and two sets of lateral Flathead Lobe 
moraines are the relicts of theses advances (chapter 1). The older advance 
(~21,000 - 18,000 cal yr BP) coincided with glacial Lake Missoula, the younger 
advance (-17,000 -14,000 cal yr BP) likely post-dates this famous glacial lake and 
reached its maximum extend at -  16,000 - 15,000 cal yr BP (Fig. 5-1). In the 
Flathead Lake basin, the younger event is represented by the reflections of 
seismic units A and B, sedimentary units deposited during the retreat of the lobe, 
and the establishment of a pro-glacial lake at a higher level than present day 
Flathead Lake (chapters 1, 2). Fault scarps offsetting glacial deposits, but not the 
younger stratigraphic units, are evident that this early post-glacial tim e also  
coincides with a tectonic event along the Mission Fault system (chapter 3). Just 
prior to the deposition of the Glacier Peak tephra (13,180 ±120 cal yr BP) the lake
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basin and the Flathead and Mission Valleys were ice-free and the lake level 
dropped significantly to a lowstand at about 10,000 cal yr BP (Fig. 5-1; chapters 1, 
2, 4). Truncated and offset seismic reflections in the seismic data set suggest 
another period of increased tectonic activity along the Mission Fault system 
(chapter 3). Lake level stagnated at a level almost similar to today for about 2,000 
years before it dropped to its lowest Holocene level at -7,600 cal yr BP. The lake 
level dropped to its maximum lowstand position following deposition of unit D 
and then rose during deposition of unit E to form the basal onlap geometries 
observed in our seismic data set (chapters 2, 4). This maximum lowstand reflects 
a short period of very low precipitation in the region triggered by the volcanic 
eruption of Mount Mazama (chapter 4). After this short extreme drought period 
the lake was refilled to about modern day level. Changes in grain size and toplap 
geometries of seismic reflections suggest that the lake dropped to lower levels 
two more times in the mid-late and late Holocene, neither of which was as 
extreme as the 7,600 cal yr BP lowstand (chapters 2, 4). The tectonic activity in the 
study area was low throughout the Holocene, although we recognized several 
vertically offset seismic reflections in Holocene seismic stratigraphic units 
(chapter 3). Importantly, the average Holocene extension rates are below the 
long-term average suggesting a bigger tectonic event along the Mission Fault 
system is overdue (chapter 4).
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Figure 5-1: Summary of the chronology of late Pleistocene and Holocene events as they 
were discussed in chapters 1-4.
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APPENDIX A -l
Appendix A-l documents the results of geologic mapping of the southern 
Mission Valley and the Jocko Valley in northwestern Montana. It is partly a 
reprint of the Montana Bureau of Mines and Geology Open File Report 497. 
Plates A-l and A-2 are the corresponding map and cross section to this report.
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GEOLOGIC MAP OF PARTS OF THE ARLEE, ST. IGNATIUS, GOLD 
CREEK, AND ST. MARY'S LAKE 7.5' QUADRANGLES, NORTHWEST
MONTANA
by
Michael H. Hofmann and Marc S. Hendrix 
2003
INTRODUCTION
This project focused on mapping the distribution of Pleistocene and 
Holocene sediments along the southeastern Mission Valley and eastern Jocko 
Valley in western Montana (USGS Arlee, St. Ignatius, Gold Creek, St. Mary's 
Lake 7.5' quadrangles). Holocene and Pleistocene sediments are most common in 
the northwestern part and in the far eastern part of the map area, whereas 
Precambrian rocks of the Belt Supergroup are widespread. Pleistocene deposits 
in the map area are dominated by till and glacial outwash related to advances of 
smaller alpine glaciers flowing down valleys of the Mission Range. Pleistocene 
sediments also include patches of sub-lacustrine sediments related to glacial
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Lake Missoula. Holocene sediments in the map area consist of a complex suite of 
alluvial, fluvial, and colluvial sediments.
Early studies of Pleistocene deposits from the Mission Valley describe 
evidence for one major advance of the Flathead Lobe to the southern part of the 
Mission Valley south of St. Ignatius (Davis, 1920; Nobles, 1952; Alden, 1953; 
Richmond et al., 1965; Richmond, 1986; Ostenaa et al., 1990). In contrast, Ostenaa 
et al. (1995), and Levish (1997) interpreted most of the diamictite in the Mission 
Valley south of the Poison Moraine, a terminal moraine 45 km north of the map 
area, as sub-lacustrine deposits related to glacial Lake Missoula. The results of 
our mapping suggest that the glacial tills and outwash sediments are directly 
related to the small alpine glaciers, but no evidence was found for a major 
advance of a Flathead Lobe of the Cordilleran Ice Sheet as far south as St. 
Ignatius, Montana.
The southern boundary of the map area (Gold Creek, Arlee quadrangles) 
is located along the Jocko River and the main gravel road between Arlee and 
Cedar Campground, respectively. The western and northern boundaries on the 
Arlee and St.Ignatius quadrangles, respectively, follow township and range 
boundaries, whereas the north and northeastern boundary of the map area (St. 
Mary's Lake quadrangle) is located approximately at the base of the steep 
Mission Range slopes.
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STRUCTURE
The Mission Fault is the dominant geologic structure in the northern part 
of the map area and consists of a single synthetic down-to-west normal fault that 
drops the Mission Valley relative to the Mission Range. At the east end of the 
Mission Reservoir, Ostenaa et al. (1990, 1995) conducted trenching studies of the 
fault in which they documented a major seismic event at about 7,700 cal. yr. BP 
and an older event with poorly constrained chronology (-15,000 cal. yr. BP). In 
the map area, the Mission Fault intersects with the Lewis and Clark line, a 
sinistral-transpressive shear zone in western Montana (e.g. Sears and Hendrix,
2004). No striking evidence has been found for Pleistocene or Holocene 
movements along faults related to the Lewis and Clark tectonic lineament. 
Evidence of pre-Pleistocene fault offsets is present in the form of offset 
Precambrian Belt Supergroup rock, locally overlain by undeformed Pleistocene 
sediment.
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DESCRIPTION OF MAP UNITS
Qal Alluvium of modern streams (late Holocene to present)
Stream alluvium within active channels and flood plains. Includes 
reworked older coarse-grained deposits within active channels, fine-grained 
overbank sediments, and swamp-like, fine-grained, organic-rich sediments 
within Pistol Creek. Contains localized colluvium from oversteepened banks and 
creek walls.
Qc Colluvium (Holocene to present)
Poorly to moderately sorted slopewash colluvium. Includes localized 
slumps and rockfall deposits. Angular to sub-angular clasts, poorly sorted.
Qao Alluvium, older (early Holocene)
Stream alluvium covering terraces ~2 m above present stream channel. 
Includes older, reworked, coarse-grained deposits within an older (early 
Holocene) channel. Sediments are very similar to Qal. In some areas Qao is 
m ixed w ith  fine-grained overbank sedim ents of the active river channel.
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Qgl Glacial lake deposits, undivided (late Pleistocene and Holocene)
Well-sorted fine sand and silt. Sediments are present near the mouth of 
Dry Creek. Equivalent sediments also underlay thin gravel beds near Cold 
Creek.
Qat Alluvial terrace deposits (Pleistocene)
Alluvial deposits that cover terraces ~4 m above present stream channel. 
Includes older, coarse-grained deposits within an older (late Pleistocene) 
channel. The contact between Qat and Qgo is commonly another terrace. 
Sediments are very similar to Qal.
Qgmay Youngest alpine moraine (late Pleistocene)
Unconsolidated, poorly sorted, sandy and silty cobbles and gravel, 
angular to sub-angular deposits related to the range front of the Mission 
Mountains at Mission Reservoir. Forms high, prominent, sharp-crested lateral 
moraines and less well developed terminal moraines.
Qgo Glacial outwash sediments, undivided (Pleistocene)
Clast-supported, silty and sandy cobble gravel. Forms the broad, gently 
sloping plain in the northwestern part of the map area and most of the sediments
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along the Dry Creek Valley and Jocko Valley. Contains well-rounded cobbles of 
rocks of the Belt Supergroup and Precambrian igneous rocks. Sediments in the 
narrow creeks and close to the mouths of the creeks are coarser (boulder size) but 
still well-rounded. A gently south-west dipping, alluvial fan-like structure, south 
of Twin Lakes, is also formed by these sediments.
Qgmao Oldest alpine moraine (Pleistocene)
Characterized by matrix-supported, sandy and silty cobble and boulder 
gravel of local Belt rocks. Not very pronounced crests, moderately high lateral 
moraines near St. Mary's Lake. Considered to be late Pleistocene in age (Bull 
Lake glaciation equivalent, >35,000 cal. y.b.p.).
Ybe Belt Supergroup rocks, undivided (Middle Proterozoic)
Metasedimentary rocks of the Belt Supergroup. Rocks include red and 
green argillite, fine-grained quartzite, carbonaceous argillite and siltite of the 
Mesoproterozoic Saint Regis, Empire, and Helena Formations, and Missoula 
Group.
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Ysn2 Snowslip Formation of the Belt Supergroup, member 2, informal
Predominantly green argillite and coarser sand beds cemented by 
carbonate. The coarser beds, lighter in color, are more common near the base. 
Desiccation cracks, ripples, and mud-chips are common.
Ysnl Snowslip Formation of the Belt Supergroup, member 1, informal
Reddish argillite and siltite interbedded with few beds of coarse sand. 
Abundant mud-chips, desiccation cracks, and fluid escape structures. Greenish 
beds occur locally. Coarser sand beds are cemented by calcite and dolomite.
Yh Helena Formation of the Belt Supergroup
Mostly gray to greenish-gray limestone locally containing stromatolites 
interbedded with dolomite, dolomitic siltite, siltite, and argillite. Characteristic 
are beds with intraclasts containing molar-tooth structures.
Ye Empire Formation of the Belt Supergroup
Grayish-green argillite and locally slightly dolomitic siltite. Medium- 
grained, light to white quartz arenite layers occur. Characteristic are mudcracks 
within the green argillite, ripple marks, and subhorizontal calcite filled voids. 
Pyrite is common.
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APPENDIX A-2
Appendix A-2 lists lithologic descriptions from groundwater well logs. The data 
sheets are posted on the enclosed CD-ROM.
227
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Additional well information can be obtained from the Montana Bureau of Mines 
and Geology Ground-Water Information Center (http://mbmggwic.mtech.edu).
Codes listed on CD-ROM:
GWIC ID: Ground-Water Information Center Identification Number
Twn: Location - Township
Rng: Location - Range
Sec: Location - Section
Q Sec: Location - Section quadrant
Td: Total well depth
From: Top of described lithologic unit
To: Base of described lithologic unit
Description: Lithology description
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APPENDIX B
SUPPLEMENTS TO CHAPTER 2
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APPENDIX B -l
Appendix B-l contains selected original 3.5 kHz seismic profiles from Flathead 
Lake. Seismic lines are posted on the enclosed CD-ROM in pdf format.
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APPENDIX B-2
Appendix B-2 lists X,Y, and Z coordinates as well as the thickness of the different 
seismic stratigraphic units. The data points were used to create the thickness 
maps of the seismic stratigraphic units and the bathymetry map of Flathead 
Lake. Interpolation between data points was accomplished using Krigging. The 
data is available on the enclosed CD-ROM.
231
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Codes listed on CD-ROM:
POINTID: ArcGIS Identification Number
X: Location -  UTM coordinates Easting
Y: Location -  UTM coordinates Northing
SWI: Sediment Water Interface in feet below the present day lake
surface
Bottom F: Lower contact (E-F) of seismic unit F in feet below the
present day lake surface.
Thickness F: Thickness of seismic unit F; difference between bottom F and 
SWI value.
Bottom E: Lower contact (D-E) of seismic unit E in feet below the
present day lake surface.
Thickness E: Thickness of seismic unit E; difference between bottom E 
and bottom F value.
Bottom D: Lower contact (C-D) of seismic unit D in feet below the
present day lake surface.
Thickness D: Thickness of seismic unit D; difference between bottom D 
and bottom E value.
Bottom Cl: Lower contact (B-Cl) of seismic unit C l in feet below the
present day lake surface.
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Thickness Cl: Thickness of seismic unit Cl; difference between bottom C l 
and bottom D value.
Bottom C2-C4: Lower contact (B-C) of seismic units C2, C3, and C4, 
respectively, in feet below the present day lake surface.
Bottom B: Lower contact (A-B) of seismic unit B in feet below the
present day lake surface.
Depth to bedrock: in some cases we were able to identify the bedrock
contact on the 3.5kHz seismic data set below a thick stack of 
lake sediments.
Blank fields on the data sheet represent either areas of poor data quality, thus we 
weren't able to differentiate among the different seismic stratigraphic units, or 
lake fill was not present and the sediment water interface coincides with the 
bedrock contact.
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APPENDIX C-I
Appendix C-l contains the detailed description of the Stream length-gradient 
index (SL) and the Mountain-front sinuosity (Smf) index.
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Stream length-gradient index (SL)
The SL index is used to evaluate relationships among tectonic activity, 
rock resistance and topography. Commonly it is determined from a set of 
measurable geomorphic parameters such a gradient and channel length that can 
be easily measured off a USGS 7.5 minute topographic maps (scale 1:24,000).
The stream length-gradient index is defined as:
SL = (AH/AL)*L
_i
40
point of interest 
(e.g. trace of fault)
Figure C-I-l: Diagram showing how the stream length-gradient index is determined, 
a) schematic map view; b) cross-section view. L= total stream length upstream of the 
point of interest; AL= length of the reach; AH= change in elevation of the reach.
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where S L  is the stream length-gradient index, A H /A L  is the channel slope or 
gradient of a particular river channel area, and L  is the total channel length from 
a particular point of interest where the index is being calculated upstream to the 
highest elevation where the channel has recognizable topographic expression 
(Keller and Pinter, 1996; Figure C-I-l).
Mountain-front sinuosity (S m f)
Mountain-front sinuosity is a measure of the embayment of the mountain 
front from the trace of the bounding fault-zone, and is used to determine the 
degree of activity of a range bounding fault. Mountain front sinuosity is the 
sinuous length of the mountain piedmont junction divided by the straight-line 
length.
It is defined as:
Smf =  L  f/Ls
where Smf is the mountain-front sinuosity, Lmf is the length of the mountain front 
along the foot of the mountain, at the pronounced break in slope, and Ls is the 
straight-line length of the mountain front (Keller and Pinter, 1996; Figure 6). 
Mountain-front sinuosity reflects the balance between erosion that tends to cut 
embayments into the mountain front and tectonic uplift that tend to form a
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straight mountain front, commonly coinciding with the active mountain-range 
bounding normal fault. Low Smf values reflect areas of high tectonic activity, 
while high Smf values reflect tectonic non-active areas or areas with low tectonic 
activity, respectively.
In this study, I used the East Bay and St. Ignatius USGS 7.5 minute topographic 
maps to determine Lmf and Ls.
'Lmf
Figure C-I-2: Diagram showing the parameters that are used to determine S mf. LmP3 length 
of the m ountain front along the mountain, at the pronounced break in slope; L s =  straight 
line length of the mountain front.
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APPENDIX C-II
Appendix C-2 contains the Hell Roaring Creek fault scarp profiles.
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Figure C-II-2: 3-D wire mash diagram of the fault scarp
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